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Abstract 
New Zealand has a long history of mining which has left a legacy of abandoned, contaminated 
mine sites with no accountability to the previous mining companies. The Prohibition Gold 
Mine, near Waiuta, Westland, was operational from 1938 to 1951 and is now administered by 
the Department of Conservation (DoC). An exclusion zone was in place during this study 
around the processing and roasting plant, where extremely high arsenic concentrations (up to 
40 wt%) had been identified, due to the historical roasting of arsenopyrite rich sulphide ore. 
Prohibition Mine had been listed as New Zealand’s most contaminated site and was 
remediated in 2016.  
Following the discovery of a tailings impoundments at the site, DoC initiated further 
investigation of the wider site, outside of the exclusion zone, to extend knowledge of the 
wider site for management and potential remediation. A FP-XRF survey to delineate and 
quantify areas with elements of environmental concern, arsenic (As), copper (Cu), mercury 
(Hg), lead (Pb) and zinc (Zn), which were elevated above industrial standards, was undertaken 
on site. The survey identified five hotspots with elevated metals and six types of mine waste 
with varying metals and metal concentrations. Samples were collected for further analysis by 
XRF, XRD and SEM to determine the mineralogy and stability of the samples. 
The largest quantity of mine waste at the site was tailings material. A large proportion of the 
material was clastic grains which have been unchanged in the >70 years since being deposited 
from the roaster and silicate tailings, indicating that they are stable in the current 
environment. There is a much smaller proportion of iron-oxide cements which are post-
depositional, less stable and display visible mobility within the substrate in photomicrographs. 
Bioavailability and mobility of the arsenic was investigated in this study through leaching 
experiments; both standing water and phosphorus amended, as well as the examination of 
arsenic uptake in plants. The concentration of arsenic in the mine wastes, even outside the 
exclusion zone, is elevated and therefore the bioavailability of the As is of concern due to its 
transferability to the biosphere and potential affect on flora and fauna as well as human 
health. 
Following remediation, the site was reopened to the public in December 2016. It is 
recommended that the un-remediated grass areas to the south of the assay office, as well as 
the western side of the cableway, where the cupels are located, be remediated due to the 
high As and Pb concentrations, including the removal of the cupels, as these are easy to collect 
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and keep as souvenirs due to their small size. These areas are very accessible to the public and 
could potentially pose a risk to public health. The other areas investigated and identified as 
having high metal levels have limited leaching, therefore have low geochemically mobility and 
are reasonably inaccessible to the public. 
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1. Introduction 
1.1 Mining legacy  
In the past, mining was an unregulated activity with standard practice being abandonment of 
the mine site ‘as it was’ when the mine was no longer viable. This has led to a legacy of mining 
related issues all over New Zealand and the world, with nearly every country having had some 
form of mining or mineral extraction in its history (Hudson-Edwards, 2011).  
Forstner (1999) estimated that the amount of mining waste being created annually was ~18 
billion m3, which is of the same magnitude as the natural weathering processes discharging 
sediment to the oceans annually. The increase in mining over time and the consequent waste 
is estimated to have risen from tens of thousands of tonnes daily in the 1960’s to hundreds of 
thousands of tonnes of waste daily by 2000 (Jakubick et al, 2003; Hudson-Edwards, 2011). 
1.1.1 NZ mining 
New Zealand has a long history of mining, dating back to at least 1200 AD in pre-European 
times where archaeological sites show argillite was traded by early Polynesians for use as adze 
(Jones, 1985). The main commodities mined in New Zealand today are gold, coal, iron and 
aggregate. However, the dominant natural resources exploited in New Zealand today are oil 
and gas (nzpam.govt.nz). 
Gold was first discovered in New Zealand on the Coromandel Peninsula as early as the 1820’s, 
with payable gold discovered in 1852. This started a minor Gold Rush, which proved to be very 
limited. The discovery of a gold-bearing quartz reef near Thames in 1867 was the first big 
discovery in the region. Following this, in the 1860’s, New Zealand’s first major gold rush, the 
Central Otago Gold rush, occurred with the discovery of gold in Gabriels Gully near Lawrence 
in 1861. The gold on the Coromandel Peninsula was predominantly hard rock and found in 
quartz reefs whilst most of the Central Otago gold was alluvial (Williams & McKee 1974). The 
discovery of gold on the West Coast of the South Island in 1864 led to the West Coast gold 
rush of 1865-67. The early West Coast gold rush was alluvial, with the discovery of hard rock 
gold near Reefton around 1870 (Willliams & MeKee, 1974). The total cumulative value of gold 
and silver produced in New Zealand (as of 2003) is US$116.32 billion (inflation adjusted to 
2003 figures). 538,640 kg of the gold produced has been alluvial and 368,544 kg has been hard 
rock gold (teara.govt.nz). 
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1.2 Types of mine waste and definition 
Mine wastes have been defined by Lottermoser (2010) as “those waste products originating, 
accumulating and present at mine sites, which are unwanted and have no current economic 
value”. There are several types of mine waste which have been identified by Hudson-Edwards 
(2011) as “heterogeneous materials consisting of ore, gangue, industrial minerals, metals, coal 
or mineral fuels, rock, loose sediment, mill tailings, metallurgical slag and wastes, roasted ore, 
flue dust, ash, processing chemicals and fluids”. 
1.2.1 Arsenic 
Arsenic (As) is a group V metalloid element with an atomic number and mass of 33 and 74.92 
g/mol respectively. It has 3 isotopes, of which only one is stable, 75As. Arsenic occurs as both 
organic and inorganic structures and in four oxidation states As(0), As(III), As(V) and As(-3) the 
former three are in solid form and the latter, As(-3), as arsine gas with As(0) and As(-3) being 
rare (Sharma & Sohn, 2009). It is the 47th most abundant natural element and has an average 
crustal abundance of up to 2.5 mg/kg with a higher abundance, 5.7 mg/kg, in the upper crust 
(Hu & Gao, 2008), although previous studies have put As as the 20th most abundant element in 
the Earth’s crust (Mandal, 2002). As is a chalcophilic element which causes it to be partitioned 
in to sulphides, metals and silicate liquids, and consequently in to the Earth’s crust (Hu & Gao, 
2008), where it is concentrated by magmatic and hydrothermal activities (Bowell et al, 2014). 
Arsenopyrite is the most common As mineral, however it is a common component in pyrite, 
galena, chalcopyrite and sphalerite (Mandal, 2002). However, it is also a essential component 
of 568 (2014) minerals which include; elemental As, arsenides, sulphides, oxides, arsenates, 
mixed-anion arsenates and arsenates (Bowell et al, 2014), with 395 of the structures being 
oxides or oxyanions (Craw & Bowell, 2014).  
1.2.1.1 Toxicity and mobility in the environment 
Arsenic is toxic at low concentrations with exposure possible through the ingestion of 
contaminated water, soil or food sources as well as inhalation of dust or gas (Mitchell, 2014). 
In the environment As is mobilised by natural processes, including; weathering, volcanoes and 
biological processes such as flora and fauna uptake. In addition As is mobilised by 
anthropogenic effects, (Bowel et al, 2014) such as mining processes and the use in tanalising 
timber.  
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The effects of long term exposure on human health can include; increased risk of heart 
disease, skin lesions as well as skin, bladder and lung cancers (Melak et al, 2014; Mitchell, 
2014), blackfoot disease, non-malignant lung disease and bronchiectasis, diabetes, 
neuropathy, spontaneous abortions, decreased intellectual functions in children (Mitchell, 
2014), hyperpigmentation and keratosis (Alain et al,1993). The World Health Organisation 
(WHO, 2011) has As listed as one of the top 10 chemicals of concern. 
In natural waters As is usually present as the inorganic oxyanions, arsenite (As(III)) or arsenate 
(As(V)), with speciation of the As primarily controlled by redox potential (Eh) and pH of the 
waters. Arsenic is most mobile at near neutral conditions (pH 6.5-8.5) and is mobile under 
both reducing and oxidising conditions. Under oxidising conditions, at low pH (<6.9) the 
aqueous species H2AsO4
- dominates, while at high pH (>6.9) the aqueous species HAsO4
2- 
dominates. Under reducing conditions the uncharged aqueous species H3AsO3
0 dominates 
(Smedley & Kinniburgh, 2002). 
 
1.2.1.2 Guidelines 
Table 1: Arsenic concentration guidelines for soils and waters. The New Zealand National Environmental 
Standards (NES) (MfE, 2012) came in to effect in 2012. Prior to this a higher recreational guideline was in effect 
(MfE, 2010). The ecological protection limit is for aquatic life in the waters. 
Substance type Area Concentration Source 
Soil Residential 20 mg/kg NES (MfE, 2012) 
Soil  Recreational 80 mg/kg NES (MfE, 2012) 
Soil Industrial 70 mg/kg NES (MfE, 2012) 
Soil Recreational 100 mg/kg MfE (2010), replaced 
by MfE (2012) 
Drinking water  10 µg/L WHO (2011), MoH 
(2008), USEPA 
(Mitchell, 2014) 
Natural waters 95% ecological 
protection 
13 µg/L WHO (2011), ANZECC 
(2000) 
Natural waters 99% ecological 
protection 
1 µg/L WHO (2011), ANZECC 
(2000) 
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In comparison to the New Zealand National Environmental Standards (NES), the USEPA has a 
residential screening soil level 1 mg/kg, which is below many natural levels (Mitchell, 2014). 
Natural waters typically have concentrations of 1 – 10 µg/L As (Sharma and Sohn, 2009), but 
may be as high as 5000 µg/L (Smedley & Kinniburgh, 2002).  
 
1.3 Reefton Goldfield 
The Reefton Goldfield is located in the Victoria Forest Park in Westland, South Island, New 
Zealand (Figure 1.1). The area has high rainfall with ~2300 mm as the annual average and a 
mean average temperature of 12oC (Mew & Ross, 1994). 
1.3.1 Regional geology 
The Reefton Goldfield is hosted in lower Palaeozoic (Cambrian-Ordovician) Greenland Group 
metasediments, of the Buller Terrane, and consists of orogenic or mesothermal quartz lodes 
(Figure 1.1) (Christie & Braithwaite 2003). The Greenland Group, underlies 34 km x 10 km area 
and underwent low grade metamorphism and folding into NNE trending isoclinal folds during 
the Late Ordovician or Silurian followed by faulting and block rotation in the Middle or Late 
Devonian (Cooper, 1989). Fault-bounded blocks of Early Devonian, Triassic, Cretaceous and 
Tertiary sedimentary rocks occur throughout the Greenland Group which underlies the 
Quaternary gravels to the south (Christie & Braithwaite, 2003).  
Globe Progress Mine has multiple shear zones predominantly striking east-west, which is in 
contrast to the N-NNE trend of the rest of the goldfield. Ore deposits occur in kinks and bends 
in the axial shear zones as quartz lodes and abundant disseminated mineralisation. The 
horizontal extent of the ore shoots at Globe Progress is 150 m and the alteration halo around 
the mineralised shear zone is in excess of 100 m (Christie & Braithwaite, 2003). 
In contrast the Blackwater Mine was primarily operational on a single quartz vein, the Birthday 
Reef, with little or no disseminated mineralisation. The reef strikes N-NNE, is 1070 m in length, 
plunges to a depth of 1200 m and does not have later kink folding. The vein averages 0.61 m 
in width and the alteration halo is up to 5 m. The carbonate alteration peak at Blackwater 
mine is 2 m compared to 150 m at Globe Progress Mine (Christie & Braithwaite, 2003). It has 
been suggested by Cox (2000) that the length of the lode is due to it being the limb of a fold 
whereas Henderson (1917; cited in Christie & Braithwaite, 2003) suggests that the ends have 
been faulted.  
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Between 1870 and 1951 the Reefton Goldfield produced >67 tonnes of gold, with additional 
gold discovered more recently (Christie & Braithwaite, 2003). The two major operators within 
the goldfield were the Globe-Progress mine near Reefton and the Blackwater Mine at Waiuta 
~15 km to the south. These two mines produced 13,010 and 22,796 kg of gold respectively up 
until 1951 (Barry, 1994; Rattenbury & Stewart, 2000). Globe-Progress has since been mined 
out by open cast mining and decommissioned. Oceana Gold holds the permit for the 
Blackwater mine. 
 
1.3.2 Blackwater Mine 
The Blackwater Mine was operational from 1906-1951, was developed in the Birthday Reef in 
the Reefton Goldfield and was New Zealand’s largest producer of gold (Au) (Christie & 
Braithwaite, 2003). Birthday Reef was discovered in 1905 at Waiuta in the Victoria Forest Park, 
Westland and is an As rich auriferous quartz vein. The mine had 3 operational sties; the 
original Blackwater shaft in the town of Waiuta, Snowy Battery and the Prohibition shaft and 
Ball Mill site. Blackwater mine is the deepest mine in New Zealand consisting of 16 levels 
supplied by two shafts; Blackwater shaft and Prohibition shaft, at depths of 563 m and 879m 
(www.doc.govt.nz) respectively. A total of ~23 tonnes of gold was produced from the 
Blackwater mine out of 160 Mt of ore at an average grade of 15 g/t (Christie & Braithwaite, 
2003). Following closure of the mine, no remediation was completed and the site had been 
undisturbed and un-remediated for almost 70 years. It is now administered by the 
Department of Conservation (DoC) and remediation of the site commenced in August 2016 as 
this thesis was being written. 
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Figure 1.1: A) location map of Waiuta, Prohibition shaft, Blackwater shaft, Snowy Battery, Alexander Mine, 
Globe Progress Mine and Reefton B) the Snowy River and Blackwater River catchments C) Waiuta, Prohibition 
shaft, Blackwater shaft and Snowy Battery. (Map courtesy of Andrew Dunn). 
The Blackwater shaft was sunk in 1906 and the town of Waiuta developed around the shaft in 
response to the mines development. The ore from the original shaft was transported via a 
tramway down to Snowy Battery, located beside the Snowy River (Figure 1.4). Snowy Battery 
was used for processing of the ore until the opening of the Prohibition Ball Mill in 1939. The 
Prohibition shaft opened in prior to the ball mill in 1938 and the ore was temporarily 
transported to Snowy Battery via a ropeway (Figure 1.2 and Figure 1.3) until the new 
Prohibition Ball Mill was completed.  Mining on the reef was undertaken until 9 July 1951 
when the original Blackwater shaft, then used for ventilation, pumping and electricity supply 
to the mine collapsed. Without power, the pumps draining the mine stopped, the mine was 
flooded and finally abandoned on 17 July 1951 (www.nzhistory.net.nz). 
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Figure 1.2: Aerial cableway as it passes the assay office area at Prohibition processing area 
(www.nzhistory.co.nz). 
 
Figure 1.3: Aerial cableway from Prohibition shaft to Snowy Battery in 1938 for processing prior to Prohibition 
Ball Mill being operational (Alexander Turnbull Library, Nathan & Wright, 2015). 
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1.3.2.1 Processing 
1.3.2.1.1 Snowy Battery 
Snowy Battery was intentionally built on the side of a steep hill to allow gravity to assist with 
the movement of ore during processing. It was a high-pressure water powered stamping 
battery where the ore underwent pounding using a 30 head iron stamper to create a pulp. The 
pulp was passed over amalgamation tables to remove the free gold. The sulphide rich ore, 
separated on Wilfley tables, was roasted in an Edwards Roaster followed by cyanidation and 
zinc extraction to remove the refractory gold. Solid waste from the processing plant was 
discharged to the Snowy River. The Edwards Roaster did not have a collection method for As 
and the volatile As was released into the atmosphere. Snowy Battery was used from 1906 
until the opening of the Prohibition Ball Mill in 1939 (Nathan & Wright, 2015). 
 
Figure 1.4: Snowy Battery site beside the Snowy River (Alexander Turnbull Library, Nathan & Wright, 2015). 
1.3.2.1.2 Prohibition Ball Mill 
The Prohibition Mill site (Figure 1.5) utilised the new technology of a ball mill for crushing the 
ore, a corduroy straking table for concentration of free gold and heavy ore particles, and a 
condensation chamber for capture of the volatile As trioxide. Following crushing in the ball 
mill, heavy particles were removed by passing the ore over the primary strakes with the heavy 
particles put through an amalgam barrel. The remainder of the ore was split; the finer fraction 
went to the thickener and the larger fraction was re-crushed in the ball mill and put back over 
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the strakes. The fine concentrate underwent a flotation process followed by thickening and 
drying. The dry concentrate was put through the Edwards Roaster to oxidise the sulphides and 
produce a porous calcine by volatising S, As and other gases. The As was collected in the 
condensation chamber, primarily as arsenolite (As2O3) and was sold as a by-product. The 
calcine produced from roasting underwent cyanidation (NaCN) and the gold precipitated using 
zinc filters. During the refining of the gold, the gold precipitate was roasted to drive off the 
zinc and digested with sulphuric acid.  The bullion was formed from the free gold retained 
from the strakes and the refractory gold liberated during the roasting and cyanidation process 
(Hutton, 1947). 
 
 
Figure 1.5: Prohibition Mill site. The Prohibition shaft can be seen centre left and the processing plant centre 
right (Courtesy of Jim Staton, DoC). 
The Prohibition Mill site was designed to process 5000 tonnes of ore per month (250 
tonnes/day or 65,000 tonnes/yr). Actual production in 1946, ten years before closure, was 
averaged at 1650 tonnes/month with a shortage of skilled miners being cited as the reason for 
this low production (Hutton, 1947) in post-war New Zealand. 
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1.4 Edwards Roaster 
At Prohibition Mill, an Edwards Roaster was used to roast the sulphide concentrate. The 
process of roasting the concentrate oxidises the sulphides and volatises the sulphur, arsenic 
and other volatile elements with the resulting calcine being porous, enabling the cyanide 
leaching solution to penetrate the iron oxide and liberate the gold during cyanidation 
(Marsden & House, 1992). The Edwards Roaster was used for the entire duration that the 
processing plant was operational at the Prohibition Mill site. 
Prior to entering the roaster the sulphide concentrate was passed over the Blanket-Corduroy 
straking tables to recover the free gold. From the straking tables the concentrate was dried in 
the Lowden Drier, which was heated by the roaster gases from the condensing tower, creating 
a filter cake which was dried to 3% moisture and gravity fed into the roaster. The heat from 
the roaster gases was not enough to completely dry the concentrate and the drying was 
finished off by rabbles 1-2. This decreased the roasting time in the hearth but complete drying 
of the concentrate in the Lowden Dryer would have required an additional heat source 
(Hutton, 1947). 
 
Figure 1.6: Photo of the Edwards Roaster at Snowy Battery. The roasted calcine is on the ground to the bottom 
left of the photo (Alexander Turnbull Library, Nathan & Wright, 2015). 
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The Edwards Roaster at Prohibition Mill was fitted with a condensation system for the 
volatised As to be condensed to As(III)2O3 and collected. The condensation system originally 
discharged gases over the site via a chiminey. This was replaced by a flue which originally 
discharged into the town but was later moved to north of the tailings impoundment and 
finally to an adjacent hill ~350 m from site for release to the atmosphere (pers comm. Jim 
Staton, DoC). 
The Edwards Roaster (Figure 1.6 and Figure 1.7) was wood fired and had 12 rabbles (rotating 
arms) to mix and move the concentrate as it passed along the roaster bed. The roaster bed 
was on a 2.5o angle towards the firebox and the exit port. Rabbles 5-12 were water cooled as 
the temperature increased along the hearth. The Edwards Roaster at Prohibition was 17.8 m 
long and 2.7 m wide (Hutton, 1947). 
 
 
Figure 1.7: Edwards Roaster dimensions based on a 6 x 57 ft hearth dimension showing the elevation, plan view 
and cross section. Noted are the rabbles, rotating arms, used to mix and move the calcine (modified from Austin, 
1907). 
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Rabbles 1-2 provided a buffer between the wet concentrate and the roasting concentrate in 
the hearth. The temperature increased between rabbles 2 and 4 and the ore changed from 
grey-black in colour to a dullish-red. Between rabbles 5 and 8 the furnace was self roasting 
and the ore turned dull-red, with a sulphur flame burning above the ore. Between rabbles 8 
and 10 the temperature increased and the ore was deep red changing to deep red/cherry 
between rabbles 10 and 12. The calcine was the red of ferric oxide (hematite). The ferric oxide 
was insoluble in cyanide solution whereas any remaining sulphides oxidise upon cyanidation 
and consume the cyanide solution. Therefore, complete oxidation of sulphides was desirable 
(Hutton, 1947). 
Following volatilisation, As was oxidised to As(III) trioxide (arsenolite As2O3) which was 
condensed in the expansion chamber of the condensation system and tower. The As2O3 was 
collected in barrels for export. For 100 tonnes of ore milled produced, 1.26 tonnes of sulphide 
concentrate was roasted. It was estimated that in 6000 tonnes of milled ore, 20 tonnes of 
As2O3 were collected for export (Hutton, 1947). 
It was estimated that at the Prohibition Mill, 19.46% of the gold in the ore was processed 
through the roaster and that the recovery was 97.7%. Therefore, 0.41% Au was lost to the 
tailings from the calcine (Hutton, 1947).  
 
 
Figure 1.8: A diagram of the mechanism for the volatisation of As and S as well as the migration of Au so it was 
accessible to the cyanide solution (Marsden & House, 1992).  
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During roasting, the sulphides were oxidised to iron oxide while the S and As along with other 
components that were unstable under these conditions were volitised (Figure 1.8). During the 
roasting process porosity formed from the recystallisation of iron oxide. Au migrated to the 
surfaces of the iron oxides so to enable the cyanide leaching solution to penetrate the iron 
oxide and liberate the Au during cyanidation (Marsden & House, 1992).  For optimal porosity, 
the mineral transformation from sulphide to oxide needed to go through a specific sequence, 
from sulphide (e.g. pyrite FeS2) through pyrrhotite (FeS) to magnetite (Fe3O4) and finally 
hematite (Fe2O3). Missing the pyrrhotite step decreased the porosity in the final calcine 
product and adversely affected Au recovery (Marsden & House, 1992). 
The kinetics of roasting largely determined the efficiency of the roast with temperature, 
partial pressure of the oxidising gas and particle size being the principal determinants of 
porosity (Marsden & House, 1992). Low temperatures (<400-450oC) meant that the sulphides 
roasted too slowly and high temperatures (>700-750oC) created sintering and the potential of 
the porous structure of the iron oxides collapsing, trapping the Au within the structure 
(Marsden & House, 1992). The lowest temperature manageable was the most desirable to 
increase porosity and allow diffusion of As, S and other volatiles with 550oC (Paktunc et al, 
2006) being a more effective temperature than 650oC (Marsden & House, 1992). However, the 
pressure-oxidation system at Macraes Gold Mine oxidises sulphides in the autoclave under 
pressure in a high-oxygen atmosphere at 225oC (Craw, 2003).  
At Prohibition Mill if the temperature within the roaster during the early stage of roasting was 
too high “liquid runs” resulted. The resulting red flow with a black scum surface was extruded 
after rabble 12, and this indicated an incomplete roast. If the temperature was too high in the 
final section of the roasting process, the dark colouration observed was due to the formation 
of magnetic iron oxide (magnetite, Fe3O4) or maghemite (Fe2O3) without the second stage of 
oxidation to the preferred hematite (Fe2O3) (Hutton, 1947). 
The temperature of the roast determined what minerals formed and the porosity of the 
resulting calcine. The Edwards single hearth roaster had limited temperature control with 
much of the control coming from air flow. The single hearth roaster was succeeded elsewhere 
by the multiple hearth roaster which had much more effective temperature control (Marsden 
& House, 1992). Prohibition Mill only had a single hearth Edwards Roaster during its 
operation. 
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1.5 Environmental concerns associated with gold mines 
Environmental concerns with the mineral extraction industry are created throughout the 
extraction, milling and refining activities (Paktunc, 1999). During these processes metals and 
metalloids are concentrated, along with the addition of chemicals, which add to 
environmental issues. 
The disposal of large quantities of tailings are of a major environmental concern and can 
include; the use as backfill for open pits or underground workings, dried and stacked or 
pumped into tailing impoundments. Flocculants can be used to increase surface tension in 
tailings in impoundments to keep the material saturated. These are then covered with water 
or left exposed to the atmosphere (Hudson-Edwards, 2011).  
The environmental costs associated with exploitation of natural resources have been 
categorised by Warhurst, (1994; cited in Maxwell & Govindarajalu, 1999) and include; “land 
degradation, ecosystem disruption, acid mine drainage (AMD), chemical leakages, slope 
failures, toxic dusts arising from the mining process and pollution from compounds of carbon, 
sulphur and nitrogen, metal particulates, as well as chemical leakages, in the smelting 
process.” Liquid effluents, mine waters (as acid, neutral or alkaline mine drainage), tailings, 
waste rock and dust, all contribute to the environmental costs through the contamination of 
the waters and soils at the site and in the surrounding environment (Paktunc, 1999). 
One of the environmental issues of greatest concern is the increased levels of metals in the 
environment (Paktunc, 1999) through the concentration of natural metals, as well as the 
addition of metals and chemicals during the mining process. In historic times, the long-term 
effects of toxic materials on the environment was not a consideration and the tailings were 
often disposed of into waterways, marine environments, left lying around or as waste rock 
piles to leach into the environment (Hudson-Edwards et al, 2011).  
The effect of unprecipitated fumes from the roasting process was known of at the Devon 
Great Consols Mine in the United Kingdom as early as 1921-1925. The fumes were passed 
through a water stream over soaked wooden beams to reduce pollution of the surrounding 
land (Palumbo-Roe et al, 2007). This was not practiced in New Zealand at the Blackwater Mine 
at Waiuta.  
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The extensive mining in New Zealand and the quantity of mine waste produced during the 
previously unregulated era has left the country with a legacy of contaminated areas of 
environmental impact. This is especially the case for hard-rock mines where chemical 
processes were used to extract and refine the gold or other commodities. Many of these have 
not been remediated and there are more yet to be characterised. 
For historical mine sites, it falls to the New Zealand Government and the Department of 
Conservation (DOC) to ‘clean-up’ these sites as there was no requirement on behalf of the 
mining operators at the time. Regulation of the onshore mining industry in New Zealand is 
now governed through the Crown Minerals Act, 1991, and onshore mining must comply with 
the Resource Management Act 1991 (nzpam.govt.nz), which includes restrictions on 
discharges to the environment. 
 
1.5.1 Long term storage 
Due to the voluminous waste created during mining operations, long term storage of large 
quantities of potentially toxic material is required. Common practice now is through the 
storage of tailings behind large dam impoundments. Once mining ceases the impoundments 
are capped and revegetated as permanent landscape features (Craw, 2003).  
The stability of the long term storage systems is of concern in today’s mining industry 
(Paktunc et al, 2003). Prior to capping of the tailings dams the chemical processes need to be 
understood because once capped, investigation of the chemical processes is difficult. The 
original composition of the material, as well as geochemical and biogeochemical processes 
determine the discharge chemistry (Craw, 2003; Druzbicka, 2014). Determination of As release 
and mobilisation from tailings material requires knowledge of the distribution, mineralogy and 
chemical bonding of the As within the material. Dissolution as well as adsorption-desorption 
processes control the mobilisation and release of As from the tailings material (Paktunc et al, 
2003), which in turn affects the discharge chemistry and what is released into the 
environment.  
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1.6 Purpose of the work 
Previous work at the Prohibition Mine site completed by Haffert (2009) concentrated on the 
highly contaminated area surrounding the processing plant and Edwards Roaster site. This 
region included the runoff areas for the processing and roaster site, included the low lying 
area (wetland) to the north of the processing site. The acutely toxic nature of the site was 
emphasised by at least half a dozen visitors to the site becoming sick with As poisoning 
(http://m.nzherald.co.nz/nz/news/article.cfm?c_id=1&objectid=11846383, accessed 30 April 
2017). 
DoC discovered another area of mine tailings in 2015 to the west of the processing site, which 
consisted of the tailings impoundment and spillage runoff. After initial work by DoC identified 
potentially elevated metal levels, the University of Otago was asked to undertake a Field-
portable x-ray fluorescence (FP-XRF) survey of the tailings, as well as the wider site, to 
characterise the mine site outside of the exclusion zone. FP-XRF surveys allow for quick and 
reasonably cheap method of collecting a large amount of data over a region to delineate areas 
of elevated metals. As part of the field characterisation and bioavailability study for the site, 
samples were collected and mineralogically studied to understand the mobility of the elevated 
metals. Plant samples were collected to analyse the uptake of the metals into the phyto-
accumulation. This research will aid in the future management and potential remediation of 
Prohibition Mine site. 
A collaborative project was undertaken with Robyn Simcock and Jo Cavanagh from Landcare 
Research to increase understanding of the transfer of As to the site flora and earthworms. The 
research involved the bioavailability of As to plants and earthworm growing in the As-rich 
tailings material. The mineralogy, bioavailability and leaching studies in this thesis will be 
utilised by the researchers to better understand As storage mechanisms and transfer to the 
plants and worms growing in the material. 
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1.7 Research aims 
 Undertake a field portable x-ray fluorescence (FP-XRF) survey of the Prohibition Mine 
site outside of the exclusion zone and delineate hotspots with elevated elements of 
environmental concern, including; As, Cu, Hg, Pb and Zn. 
 Evaluate the extent of the hotspots with respect to the elements present and their 
concentrations.  
 Create a FP-XRF calibration curve and correction factor for the materials at Prohibition 
Mine site. 
 Characterise the mineralogy of the various mine wastes present at the site. 
 Determine the bioavailability of the metals in the environment and their uptake by 
plants at the Prohibition Mine site. 
 Determine the potential of leaching of metals from the mine waste material. 
 
1.8 Scope of the work in this thesis 
This thesis characterises and quantifies the mine wastes and bioavailability of metals at the 
Prohibition Mine site, outside of the processing and roasting plant. It identifies and delineates 
five areas of elevated metals, arsenic (As), copper (Cu), mercury (Hg), lead (Pb) and zinc (Zn). 
Samples of wastes from these areas have been analysed further including; mineralogical 
analysis using x-ray diffraction (XRD), scanning electron microscope (SEM), energy dispersive 
spectroscopy (EDS) and reflected light microscope to characterise the mine wastes on site. 
The bioavailability of the metals in the tailings material and the older flue debris has been 
investigated using leaching experiments and plant analysis, in particular in relation to As. 
These investigations have led to a discussion about the mobility and toxicity of the As on site. 
1.8.1 Chapter 1 – Introduction 
An introduction to this thesis is presented in this chapter. It includes an introduction to the 
mining legacy, in particular within New Zealand, as well as defining the types of mining waste 
and introducing As. The Reefton Goldfield and the Blackwater mining sites, Prohibition Mine 
site and Snowy Battery are described, as well as the Edwards Roaster and roasting process. 
The environmental concerns with gold mining and the long term storage of waste are 
introduced along with the significance of this work. 
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1.8.2 Chapter 2 – Methodology and FP-XRF calibration 
This chapter covers the methods used for the FP-XRF site and laboratory investigations, XRD, 
SEM/EDS and pH undertaken on the samples. The calibration of the FP-XRF to the CRL-
laboratory XRF was described and a calibration factor established for the tailings material. The 
calibration was compared to the FP-XRF calibration for the Big River site, which is also in the 
Reefton Goldfield. 
1.8.3 Chapter 3 – Prohibition Mine site description and FP-XRF 
characterisation 
A site description and characterisation of the elevated metals was completed in this chapter 
using the FP-XRF. There were five sites of elevated metals identified and delineated, which 
included; the tailings impoundment area, the assay office debris, which had two types of 
waste, which have been labeled assay office debris and slag material, the older flue debris, the 
newer flue residues  and the industrial debris. 
1.8.4 Chapter 4 – Mineralogy 
SEM/EDS, XRD and reflected light microscope analysis of the samples collected from the 
Prohibition Mine site were completed and the results presented in this chapter. The main 
focus is on the tailings material, older flue residue and slag material as these were the wastes 
which consistently had the highest concentrations of metals. 
1.8.5 Chapter 5 – Bioavailability 
This chapter covers the methods used for the leaching and plant analysis as well as the 
bioavailability of the metals in the tailings and older flue residue. A four month standing water 
experiment and phosphorus-leaching experiments were completed to assess the mobility of 
the As from the sediment to the water within the materials. Shrub and grass samples were 
collected from the tailings impoundment and analysed for metal concentrations. The leaching 
and mineralogy studies tie in with studies being conducted by Landcare Research investigating 
the plant uptake from the samples analysed in this study and worm survival, growth and 
reproduction within the high As wastes.  
1.8.6 Chapter 6 – Discussion 
A discussion of the results produced in this thesis and interpretations around the potential 
correlations between the mineralogy and bioavailability of the metals. In particular, the 
stability and mobility of elements within the wastes and potential for attenuation within the 
wastes is covered in this chapter. 
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1.8.7 Chapter 7 – Conclusions and recommendations 
Conclusions are made about the results and discussions as well as recommendations for 
future work at the Prohibition Mine site. 
 
1.9 Significance of the work 
1.9.1 Analogue for modern mines 
Due to the international extent of mining related issues and waste, the sustainable 
remediation or secure disposal of these wastes is of global importance (Hudson-Edwards, 
2011). In modern times, often mine waste is impounded, capped and left as permanent 
features on the landscape. However, the chemical processes that are occurring within the 
capped impoundment are effectively ‘invisible’ but are environmentally significant as they 
govern the discharge chemistry into the environment (Craw, 2003). 
Understanding the processes that occur over time in the tailings is aided by the study of 
historical mine wastes. Often these wastes have been left exposed to the elements for tens or 
hundreds of years and chemical and biochemical processes have been undisturbed, creating a 
long term natural laboratory. There are short term processes which occur in mine wastes 
which may change over time. This is the case with the formation of Fe-oxide rims which can 
form around sulphide minerals with time and consequently limit sulphide oxidation. The 
consequence of this is that the sulphide oxidation rate may decrease with time and short term 
testing may over predict the long term affect of sulphide oxidation (Jamieson et al, 2015). 
1.9.2 Public access reinstatement  
The Department of Conservation (DoC), who administer the Prohibition Mine site, would like 
to re-open the site to the public. DoC has an interest in preserving historic and archaeological 
mining relics, as well as other historical sites in New Zealand. The Prohibition Mine site was a 
prime example of gold mining in the early part of the 20th century and was open to the public, 
with a well constructed walkway and information boards, until the discovery of extreme As 
levels (Haffert & Craw, 2009), when an exclusion zone was put in place around the processing 
site in 2009 and the site was closed to the public. 
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The previous work that was completed by Haffert (2009), characterised the processing and 
roasting plant, which was the most contaminated area on site. However, the extent of heavy 
metal and As contamination across the rest of the site was still unknown. Knowledge of the 
contaminated areas on site can help with the assessment of the necessity for remediation of 
the various areas. As initial site assessment and characterisation report, which resulted from a 
FP-XRF survey was delivered to DoC in December 2015, with toxic metal levels identified and 
quantified. This research includes the mineralogical investigation and characterisation as well 
as the bioavailability of the mine wastes on site. The site was re-opened to the public in 
December 2016.  
Methodology and calibration of the FP-XRF 
21 
 
2. Methodology and calibration of the FP-XRF 
 
 
Figure 2.1: Site map of Prohibition Mine site with the main features and the areas of elevated metals annotated 
(photo circa 2015). 
The Prohibition processing site is situated on a plateau above the surrounding valley where 
the processing plant was located (Figure 2.1, exclusion zone). To the north the landscape 
stepped up ~10m (Figure 2.1) to another plateau which had the Prohibition Mine shaft on it as 
well as the mullock heap. The main plateau stepped down to the west ~10 m to the tailings 
impoundment (Figure 2.1, steep bank to impoundment), which was also the location of the 
older flue. The assay office was to the south of the processing site. The Edwards Roaster 
(Chapter 1) was part of the processing plant, located inside the exclusion zone (Figure 2.1).  
A field portable x-ray fluorescence (FP-XRF) survey was undertaken over one day on the 16 
December 2015 (Chapter 3). It had previously been raining and continued to rain sporadically 
throughout the survey. Umbrellas were used as required to protect the exposed surface and 
instrument from the rain. Five areas of elevated metals were identified; the tailings 
impoundment, older flue area, newer flue area, assay laboratory area and the industrial waste 
pile (Figure 2.1). These areas of elevated metals were targeted for delineation with ~150 FP-
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XRF analyses taken in an attempt to define hotspots and cover more sparsely the areas with 
lower metal concentrations. A further one day FP-XRF survey associated with the 
bioavailability survey (Chapter 5) was completed on the 27 April 2016.  
There were 20 samples collected from the field during the initial visit and a further 21 samples 
during the latter visit. These samples were analysed further in the Geology Department 
laboratories at Otago University and at the CRL Laboratory for a calibration curve. These 
samples were also used for chemical and mineralogical investigations. The details of the 
methodology for the analysis associated with the chemical and mineralogical study are also 
covered in this chapter. 
 
2.1 Description of mine wastes at Prohibition Mine site 
There were five areas of elevated metals identified; the tailings impoundment and runoff 
area, older flue area, newer flue area, assay office site and surrounds as well as piles of 
industrial debris left lying around. There were six mine waste types across the Prohibition 
Mine site identified, which included; the tailings material, the older flue debris, newer flue 
debris, assay laboratory debris (including cupels), slag material (glass-like waste from the 
furnace) from smelting) and the industrial waste. 
2.1.1 Tailings material 
The tailings were dark red in colour and bedded (Figure 2.2), well sorted silt to very fine sand 
with the major fraction (50-90%) falling into silt size particles (<63 µm). The substrate was 
dominated by angular to sub-angular quartz and porous hematite, as well as minor tabular 
muscovite, As-rich minerals and cements, (up to 30 wt% As) and rare metal (Pb, Cu and Zn) 
oxides, phosphates (monazite and apatite’s) and zircons (Chapter 4). The hematite grains vary 
in shape with many retaining their parent sulphides euhedral shape while others are sub-
rounded. Rare sulphides were encapsulated in quartz grains and were consequently not 
oxidised. At depth (~40 cm), a small amount of aggregation of the grains was apparent with 
cementing on a small scale also occurring. 
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Figure 2.2: Typical tailings material showing the dark red colouration and the fine quartz grains are visible. 
2.1.2 Older flue residue 
The older flue residue was collected from below the rotting wooden flue boxing which was 
still in place and in the channel where the wooden boxing had rotted away from. The material 
was variable and ranged from quartz and phyllosilicate rich, organic sediment to an As-rich 
quartz sand which was grayish-white in colour (Chapter 4). Most of older flue residue samples 
were of the organic sediment type. 
2.1.3 Newer flue residue 
The newer flue residue were analysed with the FP-XRF in situ, below where the relict wooden 
flue had been located, but no samples were collected. The sediment that was analysed was 
visually the same as the surrounding organic sediment. Scale from inside the fallen metal 
chimney was also sampled (Figure 3.15). 
2.1.4 Assay laboratory debris 
The debris collected from the assay laboratory and cableway area were smooth, whitish-gray 
pebbles which when cut open were a glassy dark green (Chapter 4). Discarded cupels were 
also uncovered in this area (Chapter 4). The substrate was also analysed under the grass cover 
(Chapter 3). 
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2.1.5 Slag 
Slag material was located in the cableway and was a rust coloured, vesicular, clinker textured 
(waste resulting from furnacedebris) material with visible sulphides (Chapter 4). The material 
was weathering in to the surrounding substrate with fragments crumbling off the main block 
(Figure 2.3). 
 
Figure 2.3: In situ weathering of the slag material in the assay laboratory/cableway area. 
2.1.6 Industrial waste 
Industrial waste was a pile of discarded metal and industrial waste which has been discarded 
“over the bank”. The debris is of varying sizes from a few millimeters to meters in size. 
2.2 Methodology 
2.2.1 Thin section/polished section preparation 
Appropriate samples were selected for preparation and dried in an oven at 35oC for a week. 
The tailings samples were selected because the sample was consolidated rather than loose 
sediments making sectioning easier. The slag was cut in to sections of an appropriate size for a 
standard thin section with a diamond saw. Thin sections were prepared by Brent Pooley.  
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2.2.2 Paste pH 
Field pH readings were taken periodically using an Oakton pH310 series hand held pH meter. 
Sitting water on the surface of the tailings and in holes that were dug for sampling purposes 
was measured. Paste pH was measured both in the field and completed on the samples which 
were collected and taken to the Geology Department laboratory. 
In the field, paste pH was taken by mixing some sediment with distilled water and using the 
pH meter to analyse the pH. In the laboratory, 10 grams of dry sample was mixed with 25 ml 
of distilled water (1:2.5 weight ratio) (Druzbicka, 2014). The mixture was stirred then left for 
~12 hours before pH measurements were taken. 
2.2.3 XRD 
Samples were dried in the University of Otago’s laboratory at 35oC for a week, powdered with 
an agate mortar and pestle and placed in a multi-sample XRD cartridge, compacted and 
smoothed. The cartridges were loaded into the XRD and left to run overnight. 
The samples were analysed on the University of Otago’s PANalytical X’Pert PRO MPD 
PW3040/60 diffractometer with a CuKα source (λ=1.5406Å).  Continuous scan data were 
collected at diffraction angles between 3˚ and 80˚ operating at 40 kV and 30 mA with a step 
size of 0.008˚ and 6.045 seconds per step.  Analysis and data processing was performed with 
X’Pert HighScore v4.0 and the ICDD PDF-4+ database (Gemma Kerr). 
2.2.4 EDS/SEM 
EDS and SEM analysis was completed on the University of Otago Zeiss sigma VP FEG SEM 
which performs high resolution imaging with secondary electrons and back scatter electrons. 
The samples in this study were performed with 15kV (ocem.otago.ac.nz). The detection limits 
for the SEM are ~0.5 wt%. 
Suitable samples were selected for analysis on the SEM and polished sections prepared by 
Brent Pooley at the University of Otago’s Geology Department (see section 2.2.1). The 
polished sections were carbon coated in preparation for the SEM/EDS analysis. Data 
processing and analysis was undertaken on Aztec Energy mapping software. 
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2.2.5 Sediment sizing 
Sediment sizing was undertaken on ProJo2000, ProJo5000 and ProJo7000 on a nest of 
weighed sieves 0 ф, 1 ф, 2 ф, 3 ф and 4 ф. The samples were riffled in a stainless steel riffle to 
~75 g and put through the sieve nest. The sieve nest was shaken on a shaker table for 10 mins. 
Each sieve and the pan were weighed with and without the sediment and the sediment 
recovered were calculated. The sieves were cleaned with a brush and compressed air between 
each sample. 
2.3 Field-Portable X-ray Fluorescence 
X-ray fluorescence spectrometry (XRF) is a non-destructive analytical technique which gives an 
estimate of the concentration of an element in a sample. The XRF instrument irradiates a solid 
sample with an x-ray source, with the x-rays being absorbed or scattered by the elements in 
the sample. The absorbed x-rays displace electrons from the inner electron shells allowing the 
electrons from the outer shells to rearrange into the lower energy inner shells. Displacing the 
excited electrons leaves vacancies in the lower energy shells and the atom becomes unstable. 
Electron movement from the higher energy outer shells to the lower energy inner shells emits 
energy in the form of an x-ray which is characteristic of a specific atom. The emitted or 
secondary x-rays are recorded as a count by the XRF (Figure 2.4) (Kalnicky & Singhvi, 2001; 
EPA, 2007). 
 
Figure 2.4: Image of an atom with electron shells showing how the incident X-ray ejects an electron and a 
secondary X-ray is emitted (www.helioza.com). 
XRF can be undertaken in a laboratory on the smoothed surface of a pressed powder disc 
which has been dried and homogenised. The results have high precision and accuracy. 
Alternatively, samples can be analysed in situ in the field using a field-portable XRF (FP-XRF).  
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The FP-XRF is a convenient way of analysing soils and sediments in situ in the field for the 
‘heavy’ elements which include elements of environmental concern such as; As, Sb, Pb, Hg, Cu 
and Zn (EPA, 2007). There are 20 elements detectable by the University of Otago FP-XRF. 
Using the FP-XRF brings about increased uncertainties in the results, compared to the 
laboratory XRF. These can be user-related or application-related uncertainty or instrument 
precision uncertainty: 
Instrument uncertainties include; a limited number of elements that can be analysed for with 
the FP-XRF. The FP-XRF has higher detection limits than the laboratory XRF, below which an 
element will not be detected. Detection limits vary for different elements. Laboratory XRF 
analysis is undertaken in a vacuum as opposed to the FP-XRF which is in open air meaning that 
during field analyses the analytical volume is diluted by air and/or water. 
Two of the major sources of uncertainty when using the FP-XRF are sample heterogeneity and 
moisture content. Sample preparation for the laboratory XRF ensures that the surface to be 
analysed is a smooth pressed powder disc, whereas in the field the sample will have a rough 
surface so the instrument will be analysing the air as well. The pressed powder disc is made 
from homogenised material, whereas the field sample will be variable on the cm scale. Grain 
size variations in the field in the sample will add to this uncertainty with the larger grains 
‘hiding’ other grains from the FP-XRF.  Moisture in a field sample means that water is in the 
analysed volume. Therefore, elements within the sample are diluted. A prepared sample for 
the laboratory XRF is dried therefore moisture is not a factor.  
2.3.1 Laboratory-XRF methodology 
The 20 calibration samples collected were dried, milled with a carbide TEMA mill and sent to 
CRL Laboratories for laboratory-XRF analysis. The samples were further oven dried to 110oC 
and XRF multi-element and trace element analysis undertaken for As, Pb, Sb and Zn. 
2.3.2 Field-Portable XRF methodology 
FP-XRF spectrometer used for the study in this thesis was the Innov-X Model Omega (Innov-X 
Systems Inc., Woburn, MA). Analyses were collected according to Haffert (2009) with the soil 
surface exposed, smoothed and compacted or debris brushed away when there was nothing 
growing on the surface (Figure 2.5). Where moss, grass or organic matter was present, the 
area was cleared using a spade to expose the sediment. To measure vertical profiles, holes of 
appropriate depth were dug into the substrate with a spade and the depth of analysis was 
measured using a measuring tape. 
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Figure 2.5: The substrate preparation for the FP-XRF for A) a substrate that has been smoothed B) a substrate 
requiring the clearing of the loose debris C) showing that the substrate may be a different character under 
debris. 
Analyses were collected by placing a small polyethylene bag on the sediment to protect the 
analysis window on the FP-XRF (Figure 2.5, A). The FP-XRF was held vertically for the analysis 
time of 45 seconds in soil mode. The detection limit for As is ~30 ppm, although this is variable 
depending on the substrate (Druzbicka, 2014). The sampling area is ~1 cm diameter and 
penetrates 1 – 2 mm into the substrate. 
2.4 Previous work 
Previous work with the Innov-X FP-XRF on similar materials and in the same geographical 
region has been undertaken by Haffert (2009), Druzbicka (2014) and Malloch (2017a, 2017b). 
Haffert’s (2009) samples had a range of moisture content and were classified as dry, damp, 
moist or saturated in the field. The typical moisture content for each of these divisions in each 
of the substrate types in her field area were established in the laboratory. The following 
equation was used to correct for moisture where AsFP-XRF is the field reading, %moisturecalculated 
is the calculated moisture content for the substrate type and moisture division and the 
Ascalculated is the calculated As concentration of the dried material. The correlation coefficient 
for the dried and crushed analyses plotted against the unmodified analyses was 0.94. 
                       
   
                       
  
An acquisition time of 45 seconds was used for the current study based on Figure 2.6 (Haffert, 
2009). As can be seen in Figure 2.6, the decrease in the margin of error gained by increasing 
the acquisition time after 45 seconds is lessened. Therefore, due to the limited timeframe in 
which we had to collect data, 45 seconds acquisition time was decided on. 
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Figure 2.6: Acquisition time versus associated error for the FP-XRF (modified from Haffert, 2009). 
Calibration curves have been established for the Big River mine, also situated in the Reefton 
Goldfield, by Druzbicka (2014). Druzbicka (2014) found that moisture and heterogeneity were 
major sources of error for the FP-XRF in the field when compared to the laboratory XRF. The 
difference between the FP-XRF (I) and (II) (Figure 2.8) was sample preparation which included 
the drying and milling of the samples, hence removal of the moisture, particle size difference 
and heterogeneity of the sample. FP-XRF (I) were the un-prepared samples which were 
analysed prior to drying and milling and FP-XRF (II) were the prepared samples following 
drying and milling. 
The overall gradient of the regression line between the unprepared samples FP-XRF (I) and the 
laboratory-XRF was 0.809 and showed an underestimation in the concentration of As for the 
FP-XRF (Figure 2.7). The FP-XRF consistently underestimated As concentration by ~30% for 
samples with <1 wt% As and underestimated the As concentration for samples with >1 wt% by 
0.1-19% (average 10%) (Druzbicka, 2014).  
 
 
Figure 2.7: Comparison between FPXRF (I), unprepared samples and lab-XRF, analysed with a laboratory XRF 
(Druzbicka, 2014). 
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The uncertainty represented in the regression line was composed of the difference between 
the field (non-prepared) samples and the prepared samples. This represents the sample 
uncertainty, as well as the difference between the prepared sample and the laboratory-XRF, 
which represents the instrumentation uncertainty. The difference between the FP-XRF (I) and 
(II) was a regression gradient of 0.72 (Figure 2.8) compared to a gradient of 1.12 for the FP-
XRF (II) and the lab-XRF graph (Figure 2.9). The overestimation was noted to be in samples 
with >10 wt% As, of which there are none in the current study. This indicated that moisture 
and heterogeneity were major sources of uncertainty and underestimation for the field data 
and that these must be corrected for by a calibration curve. 
 
Figure 2.8: Comparison between FPXRF (I), field samples with no preparation and FPXRF (II), prepared samples 
(dried and milled) (Druzbicka 2014). 
 
 
Figure 2.9: Comparison between FPXRF (II), prepared samples (dried and milled) and lab-XRF, analysed with a 
laboratory XRF (Druzbicka, 2014). 
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Malloch (2017a) found that for samples with >20% moisture, there was an As concentration 
difference between the wet and dry As analyses. Malloch determined that there was no 
correlation, r = 0.05, between moisture content of wet and dried samples. Many of the studies 
samples were high As, >2.5 wt%, However, the As for all samples increased for the dried 
sample. This was different for the dried to milled samples with milling both increasing and 
decreasing As concentrations. The author concluded that there were large errors between the 
wet and milled samples which were due to moisture, particle size and heterogeneity.  
2.5 Methodology for calibration of Prohibition samples 
A site specific calibration curve was constructed using 20 samples.  A small sample of ~50 g 
was collected in the field, put in a sample bag and labelled. Care was taken to collect the exact 
sediment that had been analysed in the field. The samples were analysed in the University of 
Otago Laboratory using the FP-XRF. This was to determine how much of the error could be 
attributed to heterogeneity and moisture and how much of the error was attributable to other 
factors when compared to the accredited CRL Laboratory XRF. Samples collected for the 
calibration curve covered the range of As, Pb, Zn, Cu and Hg concentrations within the tailings 
impoundment area and were representative of the sediment matrix of the area (Kalnicky & 
Singhvi, 2001).  
The samples were weighed wet, oven dried at 35oC for 7 days and reweighed. The weight 
difference was used to calculate moisture content. The dry samples were homogenised 
(milled) using a carbide TEMA disc mill. The milled samples were used for both the FP-XRF 
analysis and for laboratory XRF analysis by CRL Energy Ltd. 
Table 2.1: The sample type, number of samples and treatments for the calculation of the calibration curve 
 Tailings Flue residue Slag 
Number of samples 11 3 6 
Analysis in bag wet, un-milled 6 x FP-XRF 6 x FP-XRF 6 x FP-XRF 
Analysis in bag dry, un-milled 6 x FP-XRF 6 x FP-XRF 6 x FP-XRF 
Analysis in bag dry, milled 6 x FP-XRF 6 x FP-XRF 6 x FP-XRF 
Laboratory analysis 1 x CRL 1 x CRL 1 x CRL 
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2.6 Statistical methods for comparison  
2.6.1 Relative standard deviation 
The relative standard deviation (RSD) has been used to indicate the spread of the data around 
the mean in each data set. Wet RSD analyses were taken on the un-prepared samples, which 
were still in the same condition as when they were taken from the field. Dry RSD analyses 
were taken following oven drying at 35oC for a week. The mill RSD analyses were taken 
following the milling in the TEMA mill. 
2.6.2 R2, r and m-value correlation co-efficient 
 The co-efficient of correlation, r, is a measure of the strength and direction of the relationship 
between two variables and can range from -1 to 1. A relationship of -1 indicates a perfect 
negative relationship, 0 indicates no relationship and 1 indicates a perfect positive 
relationship. R2, (co-efficient of determination) is defined as the proportion of the variance of 
one of the variables that is explained by the other variable and is calculated from the r. It 
shows the fit of the regression line: if the regression line went through every point on the plot, 
R2 would equal 1.0 (Murphy & Allan, 1995; Kalnicky & Singhvi, 2001). 
The m-value is the gradient of the regression line and represents the deviation from the 1:1 
line. The 1:1 line indicates a perfect relationship between the variables on the x and y axes 
and that all of the variation of the dependant variable (y-axis) is explained by the relationship. 
The m-value is also used for the correction factor between the two variables. 
2.7 Results 
Plotting all of the As XRF calibration analyses beside each other showed a pattern in the 
tailings and flue residue samples of increasing As concentrations with increased preparation of 
the samples (Figure 2.10, a). The field As analyses was the lowest, with increasing As levels as 
the samples were dried and milled with the CRL laboratory readings having the highest As 
concentration. This relationship did not apply for the slag samples (Figure 2.10, b) where the 
results showed no clear pattern. This observation as well as the differences in the physical 
characteristics of the samples, with the tailings and flue residue substrates being sediments 
and the slag material being a solid slag with grains of sulphide concentrate, lead to the 
decision to divide the samples into two groups; a) sediments, consisting of the tailings and flue 
residue samples, and b) the slag samples. This decision was further supported by differences 
in the heterogeneity and moisture contents of the samples, described below (sections 2.7.1 
and 2.7.2). 
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Figure 2.10: All of the As analyses taken for the calibration samples with the wet, dry and milled samples an 
average of six readings. a) tailings and b) slag material. 
The results for the RSD were based on six FP-XRF analyses for each sample and are displayed 
in Table 2.2 and Figure 2.11.  
Table 2.2: The relative standard deviation (RSD) for the 6 analyses taken by the FP-XRF in the university 
laboratory for the wet, dry and milled samples for the calibration curve 
Sample # Sample type Wet RSD (%) Dry RSD (%) Mill RSD (%) 
12 Flue residue 10.7 10.6 4.9 
35 Flue residue 40.7 57.6 14.2 
36 Tailings 18.8 16.2 1.3 
42 Tailings 8.4 8.1 3.7 
43 Tailings 11.0 4.9 2.9 
44 Tailings 9.3 8.7 3.1 
47 Tailings 18.5 19.0 5.7 
48 Tailings 7.0 8.4 2.1 
62-0cm Tailings 12.8 23.2 4.3 
62-40cm Tailings 26.0 26.5 4.2 
72 Tailings 5.3 5.3 1.6 
74 Tailings 12.8 17.9 3.0 
75 Tailings 9.8 6.0 5.1 
77 Slag 25.3 36.3 4.4 
79 Slag 21.0 36.2 4.1 
80 Slag 12.1 22.7 2.4 
89 Slag 20.3 19.5 5.1 
85 Slag 13.7 20.8 4.5 
102 Slag 16.4 25.1 6.3 
145 Flue residue 29.9 18.3 9.7 
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The wet RSD for the fine grained tailings and flue residue samples (Pro12 – Pro75 & Pro145) 
have an average RSD of 15.8% while the coarse grained slag samples (Pro77 – Pro102) have an 
average wet RSD of 18.1% (Figure 2.11, blue line). The dried but un-homogenised RSD (dry 
RSD) for the tailings and flue residue samples had an average RSD of 12.9% while the slag 
samples had an average RSD of 26.8% (Figure 2.11, red line). Following the milling and 
homogenisation of the samples, the average RSD for the tailings and flue residue samples and 
the slag samples fell to 3.5% and 4.5% respectively (Figure 2.11, green line). 
 
Figure 2.11: Standard deviation of the samples used for the FP-XRF calibration curve for the wet, dry and 
homogenised (milled). Pro 35 and Pro 145 are background samples and were excluded in the RSD calculations in 
the text. The tailings samples are Pro 12 – Pro 75 and the slag samples are Pro 77 – Pro 102. The milled samples 
were not compacted for the readings. 
 
2.7.1 Heterogeneity 
Heterogeneity had the greatest affect on reproducibility (EPA, 2007) and was demonstrated 
by Druzbicka (2014). The reading lens for the Innov-X FP-XRF is ~1 cm diameter. Therefore, 
any heterogeneity in the substrate on the centimetre scale will affect the reproducibility of 
results in the field.  
The effect of in situ heterogeneity was highlighted in the Waiuta study by two analyses taken 
within 5 cm of each other.  The FP-XRF As field analysis for one of the sites was 19,200 ppm 
and the other was 260 ppm. The former site had previously had As-rich debris lying over the 
area that had leached into the ground and the latter site was immediately beside it. This was a 
sample affect rather than an instrument-related affect and these two samples would yield 
similar results to these in a laboratory-XRF. 
Grain size differences and distribution can affect the ability of the instrument to analyse the 
sample. This is due to the larger grains potentially obscuring the ability of the FP-XRF to ‘see’ 
the finer grains (EPA, 2007). 
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 A further illustration of the variation in FP-XRF analyses caused by heterogeneity was in the 
RSD of the samples (Table 2.2, Figure 2.11). The dried, non-milled samples (dry RSD) had a 
higher RSD for all samples than the milled samples (mill RSD). The only difference between the 
samples was that the milled samples were homogenised. 
Figure 2.12 (A) shows the division between the finer grained tailings and flue residue samples 
(a) and the coarser grained slag samples (b). The finer grained sediment has small error bars 
while the coarser grained slag has much larger error bars. The difference in the size of the 
error bars was removed by the homogenisation (milling) of the sample (Figure 2.12, B), to the 
extent that many of the error bars cannot be resolved on the scale of the graph (figure 2.12), 
indicating that grain size was the cause of this discrepancy. This demonstrates that 
heterogeneity can be present at both the field scale and at the grain size scale. 
 
Figure 2.12: The average arsenic of 6 analyses for each sample with error bars showing the spread of the data (all 
samples have error bars, but some are too small to see), A: before homogenisation (milling) and B: after 
homogenisation. a) tailings and flue residue samples, b) slag samples. 
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2.7.1.1 Tailings and flue residue 
The average FP-XRF analyses of the dried samples plotted against the average of the milled 
samples for the tailings and flue residues (Figure 2.13, A) showed a very close relationship 
indicated by a correlation co-efficient, r, of 0.987 and an R2 of 0.975. This indicates that there 
is a strong relationship (r = 0.987) between the dried and milled samples and that the 
relationship between the dried and milled samples had only minor variation unexplained, R2 = 
0.975. The regression line has a gradient of 0.924, indicating that the samples fit very closely 
to the 1:1 fit line, where 100% of the difference is explained by the independent variable 
(milling of the sample). The gradient of the line indicates that for these sediments, the 
heterogeneity had little effect on the results.  
The correlation between the dried and milled samples for the finer grained tailings and flue 
residue, r = 0.987, was stronger than for the course grained slag, r = 0.907 (Figure 2.13). The 
fine grained material’s gradient of the regression line was close to the 1:1 line, 0.924, 
compared to the gradient for the slag material, which had a gradient of 2.521. 
2.7.1.2 Slag 
The average of the dried samples plotted against the average of the milled samples for the 
coarse grained slag samples had a gradient = 2.521, r = 0.907 and R2 = 0.823 (Figure 2.13, B). 
The gradient of 2.521 indicated that heterogeneity had a significant effect on the relationship 
between the dried and milled samples. The lower R2 value showed that a large proportion of 
the variation in the regression model was not defined, but that the relationship was still 
significant (Kalnicky & Singhvi, 2001). However, this was a small sample set, n = 6, and given 
the large variation in the individual data points (average RSD of 26.8%) that have been 
averaged, there was already uncertainty built in to the regression model and this correlation 
may not be real.   
The heterogeneity of the coarse grained material has a large effect on the correlation 
between the dried and milled samples (gradient = 2.521) (Figure 2.13). Therefore, a lower 
proportion of the overall error for the FP-XRF is attributed to the heterogeneity in the finer 
grained sediments than in the coarser grained slag material compared to the moisture 
uncertainty.  
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Figure 2.13: Dried vs. Milled samples for A) tailings and B) slag showing the effect heterogeneity has on the 
gradient of the line (m-value). The red line is 1:1 mill:dry. 
Once milled, the effect of the homogenisation was particularly apparent in the slag material 
with a strongly significant correlation of r = 0.991 (Figure 2.14) between the milled slag 
material and the CRL laboratory results. This demonstrates the heterogeneity effect of the un-
milled, coarse grained material, with the gradient falling from 2.521 to 0.759 (Figure 2.13 and 
Figure 2.14). 
 
Figure 2.14: Milled vs. CRL lab values showing that following the milling of slag material, there is a strong 
correlation between the milled and CRL As values with an r = 0.991 and R2 = 0.983. The red line is 1:1 lab:mill. 
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2.7.2 Moisture 
The EPA (2007) states that 20% moisture content in sediment as the threshold at which the 
moisture error becomes an issue and XRF values are underestimated. Druzbicka (2014) found 
no clear trend in her results between moisture content of <20% and FP-XRF accuracy and 
concluded that her results were consistent with the EPA (2007) suggestion of a 20% moisture 
level as a threshold for moisture error becoming an issue. 
The moisture and As content of the samples used for the calibration curve are listed in Table 
2.3. The bracketed 64% is from sample Pro64-40cm and was the only sample taken from 
deeper than 5 cm. The calibration curve was designed for the general tailings material, 
therefore unless “all samples” is stated Pro64-40 was excluded from analyses as it was an 
outlier.  
Table 2.3: List of wet As content and moisture content of the samples categorised by substrate type. The 
bracketed 64% moisture content is an outlier from the only sample taken from depth (40 cm). 
Substrate type Number of samples As (wet) content (ppm) Moisture content  
Tailings 11  2800 - 6800 23 - 40% (64%) 
Flue residue 3 20 - 5000 23 - 32% 
Slag 6 9600 - 24,400 9 - 15% 
 
Comparison of the wet and dry analyses for all samples taken with the FP-XRF in the 
laboratory showed a good correlation and relationship with an r = 0.985 and R2 0.970. 
However, there are clearly two groupings on the graph; <10,000 ppm (Figure 2.15 a) and 
>10,000 ppm (Figure 2.15 b) dry As values, with those <10,000 ppm As showing less scatter 
than those with >10,000 ppm As.    
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Figure 2.15: Averages of analyses taken in the laboratory with the FP-XRF in samples before and after drying for 
all samples. Increased scattering can be seen in the samples with >10,000 ppm As. The red line is 1:1 dry:wet. 
The effect of the moisture content can be seen in Figure 2.16. The percentage change in As 
content of the samples between the field analyses and the CRL laboratory analyses (blue line) 
is closely mirrored by the percentage moisture content (red line) in the tailings samples (a) but 
not in the slag samples (b). The green line for the percentage change between the CRL 
Laboratory and dry analyses is much more linear, closer to 0% change and goes in to negative 
for the slag samples. 
 
Figure 2.16: The percentage change of As between the CRL laboratory XRF results and the field (blue line) and 
un-homogenised, dried (green line) samples plotted against the % moisture (red line) in the samples. a) tailings 
samples and b) slag samples. 
Moisture does not appear to have an obvious effect on the spread of data in the sediment 
samples but rather lowers the values across all samples (Figure 2.15). This confirms that 
moisture was an important variable in the change of average As values between the wet and 
dry samples. 
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Figure 2.17: The difference between the wet and dry samples can be seen with the wet samples clearly having 
lower values than the dried samples in the tailings material (a) and with increased variation in the slag samples 
(b). 
Due to the different characteristics of the substrate types (sediments and slag) as well as the 
grouping shown in Figure 2.15, Figure 2.16 and Figure 2.17 above, the samples have been 
divided into sediments and slag samples and dealt with separately below for the rest of this 
thesis. The sediment samples have been called tailings and include the tailings and flue 
residue samples. 
2.7.2.1 Tailings and flue residue 
Due to the sedimentary character of the tailings and flue residues, these two substrate types 
have been categorised together for analysis purposes (referred to as tailings throughout this 
chapter). Two outliers have been removed from this group, Pro74, as this sample was 
anomalous and Pro64-40cm, because this sample had very high moisture content (64%) and 
was the only sample taken from deeper than 5 cm (40 cm depth).  
The moisture content for the tailings, with Pro64-40cm and Pro74 removed, was between 23 
– 40% and had wet As values between 20 – 6800 ppm As (Table 2.3). The R2 of 0.963 shows a 
strongly significant relationship between the wet and dry samples, indicating that moisture 
was a significant factor in the correlation between the difference in the wet and dry sample 
groups. The gradient of 0.722 shows that the moisture content of the tailings samples were 
causing an underestimation of the As content of ~28% (Figure 2.18). These results are 
consistent with Druzbicka (2014), who showed ~30% underestimation of samples with As 
<10,000 ppm (Figure 2.24).  
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Figure 2.18: Averages of analyses taken in the laboratory with the FP-XRF in samples before and after drying for 
tailings samples. The red line is 1:1 dry:wet. 
The effect of the moisture in the tailings samples was also seen in the percent As change and 
the percent moisture in the samples as the two lines had similar trends (Figure 2.16, red and 
blue lines) but not in the percent As change for the dry samples (Figure 2.16, green line). This 
indicates that it is the moisture that was causing much of the change in As content between 
the field and CRL laboratory analyses for the tailings samples. 
2.7.2.2 Slag 
The character of the slag samples means that they do not hold much moisture and have 
moisture content between 9% and 15% and wet As values between 9600 – 24,400 ppm (Table 
2.3). There were six slag samples meaning that it was a small sample size. The r = 0.954 and R2 
= 0.910 which indicates a close relationship between the wet and dry samples. The 0.709 
gradient indicates that the moisture content was a significant factor in the underestimation of 
the As analyses by ~30% (Figure 2.19). This is different from the EPA (2007) suggestion of a 
20% threshold for moisture having an effect on the measured FP-XRF As content. 
The effect of the moisture content on the FP-XRF As analyses, which was very apparent in the 
tailings samples, cannot be seen in the data for the slag samples (Figure 2.16, b) when 
comparing the percentage change in As (Figure 2.16,blue and green lines) and percentage of 
moisture in the samples (Figure 2.16, red line). 
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Figure 2.19: Averages of analyses taken in the laboratory with the FP-XRF in samples before and after drying for 
slag samples. The red line is 1:1 dry:wet. 
2.7.3 Other factors 
2.7.3.1 Tailings and flue residue 
The tailings samples had a strong relationship between the analyses taken in the field and wet 
samples analysed in the Geology Department laboratory, r = 0.968. Although there was still 
some variation about the trend line, the wet samples were very closely associated with the 
field samples with almost all of the relationship between the two sample treatments 
explained within this relationship with a gradient of 0.992. The overall values are slightly lower 
for the wet samples with the y-intercept at -205 ppm (Figure 2.20). 
 
Figure 2.20: The wet vs. field As analyses for the tailings shows a significant correlation with an r = 0.968 and R2 = 
0.937. The red line is 1:1 wet:field.  
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The tailings samples had a strong relationship between the milled analyses and the CRL 
laboratory analyses with r=0.998, R2 =0.996 and gradient=0.845 (Figure 2.21). This shows an 
underestimation of the As values for the milled analyses of ~15%. 
 
Figure 2.21: The milled vs. CRL lab As analyses for the tailings which shows a significant correlation with an r  = 
0.998 and R2 = 0.996. The red line is 1:1 lab:mill. 
The tailings samples had a significant relationship between the field As analyses and the CRL 
laboratory As analyses of r = 0.956 and R2 = 0.914 (Figure 2.22), which was not entirely 
explained by the heterogeneity and moisture content. The gradient was 0.571 for this 
relationship, which indicates a large difference between the field analyses and the CRL 
laboratory analyses. The results showed that the FP-XRF in the field was underestimating the 
As concentration by ~43%, although this relationship was statistically significant. y = 0.571x – 
263 is the relationship which will be used for the correction factor for the field analyses. 
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Figure 2.22: Correlation between the field and CRL lab results for the tailings material shows a significant 
relationship with an r = 0.956 and R2 = 0.914. The red line is 1:1 lab:field. 
2.7.3.2 Slag 
The relationship between the field analyses and the CRL laboratory analyses for the slag 
samples do not show a strong correlation when plotted against each other with an r = 0.814 
and R2 = 0.663 (Figure 2.23). This shows that the linear regression model between the field 
analyses and the CRL laboratory results do not have a strong correlation. 
 
 
Figure 2.23: Correlation between the field and CRL lab results for the slag material is low with an r = 0.814 and R2 
= 0.663. The red line is 1:1 lab:field. 
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2.8 Calibration factors 
There was a clear division in the samples between the tailings (tailings and flue residue 
samples) and the slag sample types. This was supported by the differences in the pattern of As 
concentration (Figure 2.10), the level of As within the sample (Figure 2.15), the RSD in the wet 
and dry samples (Table 2.2, Figure 2.11), the physical appearance and character of the 
substrate, heterogeneity of the samples (Figure 2.12) and the moisture content of the samples 
(Table 2.3, Figure 2.16). 
2.8.1 Tailings and flue residues 
The tailings material consists of 11 tailings samples and three flue residue samples. There was 
a clear pattern observed in the As concentrations through the treatments of the samples. The 
field samples had the lowest As levels, with As concentrations increasing through wet, dry and 
milled samples with the CRL laboratory samples having the highest concentrations (Figure 
2.10). Sample variability was seen in the RSD with an average dry RSD of 12.9% which fell to 
3.5% when milled (homogenised) (Table 2.2, Figure 2.11).  
There was a very strong relationship between the field and wet samples, with the wet samples 
being slightly higher overall (205 ppm). This demonstrated that the samples taken to the 
laboratory were representative of the analyses taken in the field. The small difference could 
be due to the bag that the wet samples were analysed through or possibly a slight drying 
effect with time. 
Heterogeneity had limited effect on the As concentrations in the tailings samples due to the 
fine grained nature of the samples. This was demonstrated by plotting the dry As 
concentrations against the milled samples. The gradient for this relationship was 0.924 
showing that the homogenisation of the samples had little effect on the As concentrations. 
The moisture content of 23-40% was above the EPA (2007) threshold, 20%, for moisture 
having a noticeable effect on the sample. There was a very strong relationship between the 
wet and dry samples and a large effect on the As concentrations with an ~30% 
underestimation of As concentrations in the wet samples. This effect was especially obvious in 
the percent moisture graph (Figure 2.16). The moisture created a dilution effect of the 
concentration of the As in the samples (EPA, 2007) and since these samples were sediments 
they held a high percentage of moisture in the pore spaces. 
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The milled readings plotted against the CRL laboratory results had a very strong relationship 
but the gradient of 0.845 (Figure 2.21) showed that there was an underestimation of ~15%. 
This could be explained by several factors including: sample preparation, the FP-XRF analyses 
were averages of larger non-compacted sample whereas the CRL laboratory used pressed 
powder discs and instrument precision (EPA, 2007). The portion of the error between the FP-
XRF and the CRL laboratory results was not broken down in this study. 
These results suggest moisture content was the most important factor in the uncertainty 
associated with the As concentration analyses for the tailings material. Although the other 
factors, heterogeneity, sample preparation and instrument precision, do have an effect on the 
As concentration analyses. 
The calculation of the calibration factor was for the correction of field As analyses to the CRL 
laboratory As concentrations. The overall difference in concentration for the tailings between 
the field analyses and the CRL laboratory analyses had a gradient of 0.571 and a strong 
relationship between the two variables with an r = 0.956. This calibration curve gives an 
underestimation of the As field concentrations of ~43%. This included all the factors affecting 
the uncertainty of the As concentrations including both the user-related or application-related 
and the instrument precision errors. 
2.8.2 Slag 
The slag material only had six samples and these were very variable in As concentration across 
the different treatments with no clear trend observed in the relationship between the field, 
wet, dry, milled and the CRL laboratory analyses (Figure 2.10). The variability in the samples 
was supported by the RSD of the samples (Table 2.2, Figure 2.11), in particular the dried 
samples which had an average RSD of 26.8%. Following milling of the samples the RSD fell to 
4.5%, which was demonstrated by the error bars decreasing considerably between the un-
milled and milled samples (Figure 2.12). 
The coarse grained character of the samples did not allow for the FP-XRF to ‘see’ all the 
elements during analysis (EPA, 2007). For these samples, the grains were up to 5 mm and 
course enough to see with the naked eye. Sulphides were also visible to the naked eye and 
were of a very different composition to the surrounding material with a high metalloid 
content, in particular the arsenopyrites (Chapter 4). 
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The heterogeneity effect was shown in the dried samples plotted against the milled samples 
which had a gradient of 2.521 (Figure 2.13). However, once the samples were milled the 
gradient fell to 0.759 indicating a much closer relationship between the milled samples and 
the CRL laboratory analyses and that the heterogeneity of these samples had a large effect on 
the As concentration analyses. The milling (homogenisation) of the samples was responsible 
for this change in the relationship as this was the only variable altered between the two 
analyses sets.  
The moisture content of the slag samples, 9 – 15%,  falls below the EPA (2007) threshold of 
20% moisture for having a significant effect on the As concentrations in the sample. However, 
these samples show a strong relationship between the wet and dry samples, with moisture 
content being the only variable changed in the sample treatment, and that there was an ~30% 
underestimation based on moisture content alone (Figure 2.19). 
The drying of the samples generally had the effect of increasing the overall As FP-XRF 
measurements and milling of the samples decreased the As levels (figures, Figure 2.13, Figure 
2.17). The milling effect of decreasing the As concentrations was greater than the increased As 
effect which was seen from drying the samples. These results suggest that both the 
heterogeneity and the moisture content play a large role in the uncertainty in the analyses of 
the slag samples. 
The calibration curve would be used to correct the field analyses to the CRL laboratory 
analyses. When the field analyses were plotted against the CRL laboratory analyses they did 
not show a strong relationship with an R2 = 0.663 (Figure 2.23). Kalnicky and Singhvi (2001) 
determined that an R2 <0.7 indicates that the regression model was weak. Therefore, the slag 
material will not be considered for a field correction and will be excluded from the calibration 
curve in the following chapters. 
2.8.3 Comparison to Big River 
Because of the sedimentary nature of the substrate used in the Big River study (Druzbicka, 
2014), the Prohibition Mill slag samples will not be used and only the tailings samples will be 
considered for comparison to the Big River data. 
There was a large difference between the results from the current study and those from the 
Big River Mine which is also situated in the Reefton Goldfields (Druzbicka, 2014). The Big River 
Mine results had a regression line gradient between the field analyses and the laboratory 
analyses of 0.809 compared to 0.571 for the Prohibition Mill site.  
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Some of this difference may be explained in the concentration of As in the samples. 
Proportion wise, the low As concentrations had a much larger error, with the low As 
concentrations (<10,000 ppm) underestimating concentration by up to 30%. In the Big River 
results, the higher As samples (>10,000 ppm) overestimated the As concentration by an 
average of 10% (Figure 2.24). The overestimation of the high As concentrations offset the 
underestimation in the lower As concentrations creating an overall underestimation between 
these two concentrations. In the Prohibition Mill results there were no high As samples and 
therefore this offset does not occur leaving only the ~30% underestimation accounted for. 
The regression line gradient between the prepared (milled) samples and the laboratory 
analysed samples was 1.12 for the Big River data and 0.845 for the Prohibition Mill samples. It 
is apparent in the graph of the Big River data (Figure 2.24) that the higher concentrations drift 
to an overestimation.  
 
 
Figure 2.24: Big River data (Druzbicka, 2014) showing the correlation between the prepared sample (equivalent 
to the Prohibition Mill milled data) and the laboratory As analyses. The red line is 1:1 prepared:lab. 
When the Big River data for concentrations <10,000 ppm As were plotted against the 
Prohibition Mill tailings data they showed a much closer relationship than when all of the Big 
River data are considered (Figure 2.25). This demonstrated the substantial effect that the 
overestimation of the higher As levels had on the full data set. 
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Figure 2.25: Prohibition Mill data and Big River Data showing the difference in the correlation of the two data 
sets.  The red line is 1:1 lab:mill. 
When considering the lower As samples for the Big River data compared with the Prohibition 
Mill samples there was still a difference in the gradient of the regression line (Figure 2.25).  
This can, at least in part, be explained by factors such as heterogeneity, grain size, moisture 
content and preparation method. 
Druzbicka (2014) analysed her prepared As samples from a pressed powder disc which was 
then sent to the CRL laboratory for lab-XRF analysis. This preparation method differed from 
the preparation of the Prohibition Mill samples, which were an average of six readings on the 
loose powder through a polyethylene bag. The difference in sample preparation is likely to 
have been a source of variation between the Big River and Prohibition Mill sites. 
The Big River data had a lower overall moisture content ranging from 1.0 – 16.3% and the 
sediment type had a much greater variation than the Prohibition Mill sediment. Big River 
sediment included sand and clay, whereas the Prohibition Mill sediment was predominantly 
tailings material (iron oxides and quartz) and flue residue (quartz, phyllosilicates and 
feldspars).  
The R2 for samples with <10,000 ppm As, from Big River and Prohibition Mill for the field vs. 
lab graph are 0.951 and 0.914 respectively (Figure 2.26), and the milled vs. lab graph are 0.993 
and 0.996 respectively (Figure 2.25). This demonstrates that the preparation of the samples by 
drying and milling has increased the correlation between the sample treatments and 
enhanced the comparability of the data. 
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The Big River and Prohibition Mill data for the gradient of the regression line between the 
prepared (milled) analyses and lab analyses was broadly similar (0.801 and 0.845 respectively). 
This demonstrated the effect the preparation of the samples had on the accuracy of the FP-
XRF with the gradient of the regression line having decreased from 0.719 and 0.571 
respectively. These results also demonstrate that the uncertainty in the FP-XRF analyses is 
associated with variations in sample rather than the instrument and that the instrument 
analyses are reasonably consistent when the same sample preparation was followed. 
This demonstrated that there was more uncertainty within the Prohibition Mill samples in the 
field than the Big River samples (Figure 2.26). The Big River samples were not analysed during 
the steps of the preparation. Therefore, it was not possible to compare the samples with the 
Prohibition Mill samples after drying and before milling to see the effect that the moisture 
alone had and further refine where this difference between the two data sets lies. 
 
 
Figure 2.26: Prohibition Mill data and Big River Data showing the difference in the correlation of the two data 
sets.  The red line is 1:1 lab:field 
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2.9 Discussion 
As concluded in the results section the slag material was not considered for the calibration 
curve. 
There was a strong relationship between the field As readings and the CRL laboratory readings 
with an r = 0.956 for the tailings material which was not entirely explained by the moisture 
content and heterogeneity of the samples. The error for the tailings associated with the FP-
XRF when compared to the CRL Laboratory XRF could be broken down in to severable 
definable components; heterogeneity, moisture and others factor such as sample preparation 
and instrument precision.  
The tailings material was fine grained, broadly homogeneous and the settlement pond area 
was quite wet with water pooling in areas; consequently the heterogeneity of the samples had 
a much lower effect on the overall error compared to the moisture content. Moisture had the 
largest impact on the As concentrations in the tailings samples and created an 
underestimation of approximately 30%. The heterogeneity of the tailings created an 
underestimation of approximately 8%. As the preparation of the samples increased, such as 
the drying, milling and then CRL laboratory preparation, the underestimation of As 
concentrations decreased. 
With a strong relationship, R2 = 0.956, between the field readings and the CRL Laboratory 
results it meant that the equation for the trend line, y = 0.571x – 263, can be used as a 
correction for the field data for the settlement pond area and flue residue at the Prohibition 
Mill mine site. 
2.10  Conclusions 
 To correct the field data for the tailings and flue residue material it will be entered 
into the equation y = 0.571x – 263 and solve for x. 
 The moisture content had a larger effect on the tailings material As concentrations 
than the heterogeneity at this site. This was probably because the sediment is fine 
grained, water-saturated and broadly homogeneous. 
 For the slag material the biggest factor for uncertainty in As concentration was the 
heterogeneity.  
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3. Prohibition Mine site description and FP-XRF 
characterisation 
 
 
Figure 3.1: Site map of the Prohibition Mine site, including the tailings impoundment (settlement pond and 
tailings) exclusion zone, assay office site and flume (older flue). 
3.1 Site description 
The Prohibition processing mill and plant are on a plateau in steep terrain ~560 m above sea 
level and ~120 m above the surrounding valley. The site has high rainfall with average annual 
of ~2300 mm and mean average temperature of 12oC (Mew & Ross, 1994). Due to the sites 
position on a plateau, there is little runoff onto the site (Figure 3.3). The site is within the 
Blackwater River catchment and runoff from the site is into the Blackwater Creek, a tributary 
to the Grey River, ultimately running to the Tasman Sea (Figure 1.1 and 3.1).  
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The wider area is covered in naturally regenerated vegetation which is predominantly native 
beech forest. The tailings impoundment and runoff area is less vegetated as is the exclusion 
zone, as well as concreted and gravelled areas. There was gorse around the site, including 
thick gorse on the steep bank to the tailings impoundment and settlement ponds (Figure 3.2 
and Figure 2.1). Sections of the steep bank to the tailings impoundment area had rusty 
discarded 44 gallon drums lying around (Figure 3.2). 
 
Figure 3.2: Gorse and discarded 44 gallon drums on the steep bank between the processing and roasting site and 
the tailings impoundment. 
The processing plant and mill were within an exclusion zone at the time of writing this thesis 
(Figure 3.1). The assay office was situated to the south of the processing plant and mill. The 
Prohibition shaft is to the north of the processing plant on a slightly raised platform with the 
mullock heap (country rock removed to access the ore) to the west of the shaft. The tailings 
impoundment is to the west of the processing plant, down a short steep, gorse covered bank 
(Figure 2.1). The area directly affected by the tailings material, which includes the tailings 
impoundment and runoff area, is ~1400 m2. 
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Figure 3.3: Arieal view of Prohibition Mine site showing the steepness of the terrain (courtesy of Jim Staton, DoC) 
Gases from the Edwards Roaster were initially discharged via a chimney stack over the site. 
This led to complaints by the residents on still days. Following the complaints a flue was built 
and gases were discharged directly into the town of Waiuta, which reportedly resulted in 
arsenolite crystals forming on sheets hanging on clothes lines in the town and did not impress 
the townsfolk. The final position of the flue was to the north, across the gully, and fumes were 
discharged to a nearby hill 350 m from the processing site (Pers comm. Jim Staton). Today the 
flue site across the gully can be seen as a V-shape in the vegetation on the skyline, and at the 
time of the mine operation the forest was decimated (Figure 3.23). The area affected by As 
levels above the recommended guidelines of 0.05 wt% is ~32,500 m2 (Haffert & Craw, 2009). 
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Figure 3.4: Looking to the north towards the town of Waiuta with Prohibition Mine site visible above the town in 
the middle left of the photo (courtesy of Jim Staton, DoC). 
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Figure 3.5: Photo of processing plant looking south. The cyanidation tanks can be seen to the left of the conveyor 
(courtesy of Jim Staton, DoC). 
 
Figure 3.6: View of the processing plant exclusion zone looking north from the site of the assay office in April 
2016 (photo: Jo Cavanagh). 
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Figure 3.7: The processing plant foundations following remediation work in late 2016 (photo: Dave Craw). 
3.2 Previous work 
Previous work completed on the site sediments includes Taylor (2001; cited in Haffert 2009) 
who investigated residual soil contamination and indicated very high As levels (up to 20 wt%), 
and PhD theses by Haffert (2009), Kerr (in progress) as well as Haffert & Craw (2008, 2009) 
and Haffert et al (2010) . Following work by Haffert (2009) an exclusion zone (Figure 3.6) was 
erected surrounding the processing and roasting site, which was remediated in late 2016 by 
DoC    (Figure 3.7).  
During fieldwork in 2005, extreme As concentrations (up to 40 wt%) were discovered centred 
around the Edwards Roaster at the processing plant (Haffert, 2009). Following this discovery, a 
low fence was erected until a more permanent high security fence was erected in 2008 
following Haffert’s extensive FP-XRF survey and geochemical analysis of the As minerals at the 
processing and roasting site conducted in 2007 (Haffert & Craw, 2009). 
The As mineral of major concern was the soluble arsenolite (As(III)2O3) which was still present in 
the roaster’s condensing tower, the surrounding substrate downstream from the roaster and 
in the wetland (Figure 3.8). In the oxidised surface areas around the roaster, the low pH 
encouraged the formation of scorodite as a cement which temporarily immobilised the As as 
long as conditions were not altered (Haffert 2009). Scorodite is stable at pH <5 in oxidising 
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conditions, which were present at the site. The hard pan created by the scorodite cement also 
limited the penetration of water through the underlying area, thereby reducing the 
dissolution of the arsenolite in the substrate (Haffert & Craw, 2009). 
 
Figure 3.8: Site map of the previous work completed by Haffert (2009) (modified from Haffert, 2009) 
The runoff from the roaster site was towards the north to a low lying area (wetland) which 
was fed out to the west through a manmade dam constructed of mullock rock (Figure 3.8). 
Extreme As levels in the wetland, up to 52 mg/L, were attenuated to levels of 2.4 mg/L as they 
passed through the dam and over the mullock. This tributary drains to Blackwater Creek. The 
decrease in As was attributed to the adsorption with Fe(OH)3 following the interaction with 
country rock of the Greenland Group. This interaction causes carbonate neutralisation and 
oxidation, raising the pH from 3.9 to 7.7 (Haffert, 2009). Water sampling downstream showed 
that even following the attenuation thorough the man made dam, the As concentrations 
leaving the site are still 200 times the drinking water standard and affect the ecology for >1 
km downstream (Haffert & Craw, 2009). 
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In the low lying area, extremely high pore water As, 330 mg/L, was recorded and the sediment 
had As levels of 10 wt% at the time of Haffert’s (2009) thesis. Oxidation of arsenite (As(III)O3) to 
arsenate (As(V)O4) resulted in a low pH of 3-4 in the low lying area. This acidification differs 
from other gold mining sites where the low pH is usually a result of the oxidation of sulphides 
(Haffert & Craw, 2010).  
3.3 Site descriptions and chemistry 
Five areas of elevated metals (hotspots) were identified in the survey, which are located in 
Figure 3.9 as well as six different types of mine waste (Table 3.1). The hotspots were 
delineated and the six main types of mine waste were confirmed by FP-XRF characterisation. 
The tailings material, industrial waste debris, newer flue and older flue materials are 
characterised as separate waste types. The slag material has been separated from the assay 
laboratory material as it has a distinctive composition (Figure 3.26 and Figure 3.27). These are 
summarised in Table 3.1. 
 
Figure 3.9: location of the hot spots at Prohibition Mine site. 
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Table 3.1: Table of the six types of mine waste present and identified on the Prohibition Mine site, including the inferred origin, minerals and metals present, texture and distinctive 
features. 
 Name Inferred origin Minerals Metals Texture Distinctive features 
1  Tailings Roaster waste mixed 
with quartz sand from 
processing 
Hematite 
Quartz 
Feldspars 
Maghemite 
Muscovite 
As, Pb, Cu, Zn Silty – fine sand Red, bedded with 
varying 
compositions 
2 Older flue residue  Flue debris and dust 
mixed with the 
surrounding/country 
substrate (organic 
soil) 
Quartz 
Phyllosilicates 
feldspars 
As, Cu, Zn  
 
Silty-sandy organics 
substrate 
Organic material 
(from the substrate 
which it was 
collected from) 
 
3 Newer flue residue  Flue debris and dust 
mixed with the 
surrounding/country 
substrate (organic 
soil) and scale in the 
chimney from the As 
rich fumes 
Quartz 
Phyllosilicates 
Feldspars 
As-minerals 
As, Hg Silty-sandy organic 
substrate 
Finely laminated 
scale 
Scale in iron flue 
structure 
4 Slag Assay lab furnace Arsenopyrite 
Amorphous material  
Magnetite  
Maghemite 
Goethite 
As, Pb, Hg Glassy, clinker slag Small sulphides 
visible to the naked 
eye 
Slag material 
5 Assay laboratory Assay lab debris Amorphous material Pb, As Rounded whitish Cupels 
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 Name Inferred origin Minerals Metals Texture Distinctive features 
Cupels Lead carbonate gray, gravel size 
grains 
Cupels 
Smooth pebbles 
6 Industrial waste Scrap from the 
processing plant 
- Cu, Zn, As, Pb Large pieces of 
metal debris 
Metallic scrap lying 
around 
 
 
 
 
Prohibition Mine site description and FP-XRF characterisation 
63 
 
3.3.1 Metal levels for the tailings impoundment area, assay laboratory and 
cableway area and industrial debris area  
The areas of elevated metals: tailings impoundment, assay laboratory and cableway area and 
debris as well as the industrial waste area, show variable concentrations of As (Figure 3.10), 
lead (Pb) (Figure 3.11), copper (Cu) (Figure 3.12), zinc (Zn) (Figure 3.13) and mercury (Hg) 
(Figure 3.14). The newer flue is not represented in these figures and was located to the north 
of the area in the FP-XRF maps (Figure 3.1). The results for the newer flue area are shown 
graphically in Figure 3.30. The newer flue (Figure 3.15) (located to the north of the photo in 
the metal concentration figures 3.10 – 3.14) was predominantly below the detection limit for 
Zn and Hg and had variable As and Cu which were slightly elevated. The exception was the 
scale taken from inside the chimney, which had an As concentration of 6.5 wt%, the highest 
recorded in this survey, as well as Hg of 170 ppm and Pb up to 900 ppm (Figure 3.15). 
 
Figure 3.10: Field corrected (correction factor of 0.571) As data (ppm) for the tailings impoundment area, assay 
laboratory and cableway area and industrial debris area from the FP-XRF field survey on 16 December 2015. 
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The heterogeneity of the arsenic concentrations in the assay laboratory debris and 
surrounding area is apparent in Figure 3.10 ranging from <100 ppm to >20,000 ppm in the 
small area. This indicates that the source of the As was a local point source. The homogeneity 
of As distribution in the tailings material is also apparent, predominantly ranging from 2000 – 
9000 ppm, indicating the mixing of the material before deposition into the tailings 
impoundment.  The low As levels on the grassy bank (north of the exclusion zone) can be seen 
next to the more elevated and variable As concentrations of the industrial waste pile to the 
east.  
 
Figure 3.11: Pb data (ppm) for the tailings impoundment area, assay laboratory and cableway area and industrial 
debris area from the FP-XRF field survey on 16 December 2015. 
The heterogeneity of the lead concentrations in the assay laboratory area is apparent in Figure 
3.11 with the grassy area to the south of the assay laboratory having highly elevated Pb 
concentrations up to 80,000 ppm, the highest on site. Other regions in the assay laboratory 
area, such as the south-western end of the cableway, are <20 ppm. The homogeneity of the 
tailings material can be seen with Pb concentrations between 800 – 2000 ppm. The industrial 
waste shows elevated Pb up to 1000 ppm. 
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Figure 3.12: Cu data (ppm) for the tailings impoundment area, assay laboratory and cableway area and industrial 
debris area from the FP-XRF field survey on 16 December 2015. 
The highest copper on site was present in the industrial debris area, where there was 
heterogeneous discarded industrial waste (Figure 3.12). High Cu was also present in the 
tailings material and was homogeneous, predominantly between 300 and 2000 ppm. The 
assay and cableway area was predominantly low. However, there was locally high Cu, ~1100 
ppm, in the cableway. Note that the legend concentration scale for the Cu map goes up to 
>1500 ppm whereas the As and Pb map scales go up to >100,000 ppm. 
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Figure 3.13: Zn data (ppm) for the tailings impoundment area, assay laboratory and cableway area and industrial 
debris area from the FP-XRF field survey on 16 December 2015. 
The highest zinc on site was in the area of the modern debris at the northern end of the 
cableway where Zn was up to 4500 ppm (Figure 3.13). The industrial waste was also elevated, 
with Zn concentrations up to 3800 ppm. The tailings material had Zn concentrations of up to 
1000 ppm, but is predominantly <400 ppm. There are localised elevated Zn concentrations 
south of the assay office up to 800 ppm and up to 300 ppm in the cableway. 
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Figure 3.14: Hg data (ppm) for the tailings impoundment area, assay laboratory and cableway area and industrial 
debris area from the FP-XRF field survey on 16 December 2015. 
Mercury was detected in the assay office and cableway area as well as the newer flue (Figure 
3.14). A single Hg concentration, 23 ppm, was also detected in the tailings material from the 
deepest analysis taken, 40 cm. Hg was prevalent in the assay office and cableway area with 
the sediment recording up to 100 ppm with the iron slag material and sediment directly below 
them recording up to 800 ppm. The newer flue area has elevated As around the chimney and 
in the channel north from the ridge (Figure 3.24). The flue scale had up to 180 ppm and the 
channel had up to 40 ppm. 
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Figure 3.15: Hg concentrations in the newer flue area showing the high Hg concentrations, especially in the scale 
of the flue chimney. 
 
3.3.2 Tailings impoundment and runoff area 
The tailings impoundment area consisted of the tailings impoundment and spillage (or runoff) 
area and was located to the west of the exclusion zone (Figure 3.1). Located to the north of 
the tailings area was the line of the older roaster flue, which ran between the steep bank that 
stepped down from the processing plant out to the edge of the escarpment. The older flue 
residue was located in the line of the older roaster flue. The tailings area was marginally 
accessible as access requires climbing either through thick scrub and gorse or over discarded 
rusty 44 gallon drums and down a steep bank. The tailings impoundment site has a gentle 
westward slope to a steep escarpment ~100 m to the west. 
During plant operation there was a tailings impoundment made of boards and topped with 44 
gallon drums filled with the red tailings material (Figure 3.16). At some time during operations 
the impoundment was breached and the runoff extended over a ~1400 m2 area towards the 
northwest. The tailings material was easily identifiable as a bedded, fine grained red sand or 
silt with a distinctive hematite colour and variable amounts of quartz bedded throughout the 
material (Figure 3.18). Hematite, formed from the oxidation of sulphides during the roasting 
process, is red in colour and characteristic of roasted sulphide material (Section 1.4). There 
was no hematite in the original ore. It is inferred that the quartz material had not been  
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roasted so the tailing material represented a mixture of different tailings sources, roaster and 
the ball mill, being discharged at different times during operation from the processing plant 
down the same ~1.5 m square pit which can still be seen in the processing plant foundations  
(Figure 3.17) (pers comm. Jim Staton). 
 
Figure 3.16: Photo looking towards the east from the tailings impoundment area towards the processing plant 
and assay office. The tailings impoundment can be seen with the 44 gallon drums on top of the wooden 
impound. The discarded 44 gallon drums were still present at the time of writing this thesis (photo: between 
1938-1951, courtesy of Jim Staton, DoC). 
The tailings material had variable As, with concentrations between 2000 – 9000 ppm (Figure 
3.10) and a pH of 4.8 – 5.5. The tailings material was generally a thin veneer with a maximum 
thickness 40 cm in places.  
The fringes of the runoff have been colonised by the surrounding bush, which predominantly 
consists of manuka, kanuka and gorse. The bush is continuing to colonise and encroach upon 
the open area of the tailings. Open areas where the runoff was thickest (40 cm), included the 
impoundment, were mostly covered with grasses and mosses. Ferns were also common 
surrounding the tailings material but were not observed growing directly in the tailings 
material. There are a few areas with no vegetation cover which were water logged during our 
visit. 
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3.3.2.1 Roaster tailings waste 
The main characteristic of the tailings material was the red colouration. It was bedded 
sediment with fine sand to silt sized grain layers. The finer sand sized layers were lighter in 
colour and contained increased visible quartz grains (Figure 3.18). Holes dug for sample 
collection had water seepage in to the base within minutes of the holes being dug (Figure 
3.18). 
 
Figure 3.17: After the remediation was completed and the concrete has been cleaned. The pit, which the 
processing plant waste (creating the higher quartz concentration beds in the tailings impoundment) and the 
roaster tailings are thought to have been disposed down, is labelled. (Photo: Dave Craw). 
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Figure 3.18: Profile #62 vertical profile showing the bedding in the tailings material. The tailings material is 
water-saturated and water can be seen accumulating in the base of the hole. 
3.3.3 Assay office and cableway 
The assay office and cableway area were the general region surrounding where the assay 
office and laboratory were located, as well as the aerial cableway ditch and grassy bank to the 
west of this (Figure 3.19). It consisted of high metal substrates and highly inhomogeneous 
debris discarded from the assay office. Included in the debris were small areas of discarded 
cupels (Figure 3.20) and furnace waste, which was a variably formed glass slag. The area had 
locally high As, Pb and Hg. The slag material also had the highest As recorded on site (>2 wt%) 
outside of the exclusion zone and the scale on the inside of the “newer flue” chimney. 
Sulphides were visible to the naked eye in the slag material. 
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Figure 3.19: Map of the assay office area and location of the various assay office debris. 
3.3.3.1 Assay laboratory waste 
There were several types of material associated with the assay laboratory. Rounded greyish 
white coloured, gravel size pebbles up to ~4 cm in diameter were found surrounding the assay 
laboratory site and the grassy areas had elevated As, Zn (Figure 3.10 and Figure 3.13) and the 
highest Pb concentration (Figure 3.11) found on site. To the west of the assay office, across 
the aerial cableway channel, there were discarded used cupels (Figure 3.20). This material was 
inferred to have come from the assay laboratory as cupels are used in the assaying of the ore, 
they were found in the vicinity of the laboratory and had very high Pb concentrations, which 
was used in the assaying process. Much of this material had similar compositions with varying 
concentrations (Figure 3.27 and Figure 3.28).  
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Figure 3.20: Discarded cupels from the assay office on the grassy bank area showing the heterogeneity of the 
debris. 
3.3.3.2 Slag waste 
The slag material was a highly heterogeneous, rust coloured, variably formed, clinker 
textured, and glassy slag up to 50 cm in diameter. Small sulphides were visible to the naked 
eye (Figure 3.21 and Figure 3.22). The weathered material lying below and around the solid 
pieces of slag was in flakes, up to 1 cm, which were weathering into the substrate. 
The slag was inferred to have come from the roaster furnace and was the only place on site, 
outside of the processing plant and newer flue chimney, where Hg was found. This supports 
its source as roaster furnace waste, as the concentrates which went through the roaster had 
previously been through the amalgam barrel (Hutton, 1947). The As and Pb concentrations are 
also distinct from the assay office debris in the higher As and lower Pb concentrations of the 
slag material (Figure 3.27). 
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Figure 3.21: Slag lump, ~50 cm, showing the weathering of the material into the ground. The weathered 
fragments are up to 1 cm. 
 
Figure 3.22: Small fragment of the slag material from the assay office, ~8 cm, showing the heterogeneity of the 
material. 
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3.3.4 Older flue from north of tailings impoundment 
There were two flues that were used for the roaster gases. The flue residues were located 
along the track of the two flues. The older flue was used to transport gases from the roaster 
prior to the newer flue which was installed across the valley and was the final position of the 
roaster flue. The older flue lies to the north of the tailings impoundment and runoff area and 
traces to the west from the processing site. 
3.3.4.1 Older flue waste 
The samples of the older flue residue were collected from below the wood boxing, assumed to 
be the relict flue boxing from when the mine was operational. The residue varied from having 
the appearance of sediment with organic matter, inferred to have flue residue mixed in to it, 
to a light grey coloured, fine quartz sand, without organic matter. This flue was inferred to 
have run from the processing plant towards the west and have been aerial to the north of the 
tailings impoundment where it intersected the ground and discharged off the edge of the 
escarpment into the valley below (Figure 3.25 and Figure 3.1). The area has locally high As, Cu, 
Zn and Pb concentrations (Figure 3.10, Figure 3.11, Figure 3.12 and Figure 3.13). 
3.3.5 Newer flue across the valley to the north of the shaft platform 
Located across the valley was the line of the newer roaster flue, which had weakly elevated As 
levels in the sediments. The chimney area consisted of fallen and scattered iron chimney 
pieces which yielded the highest As from a piece of scale of, 6.5 wt% As, and Hg up to 180 
ppm (Figure 3.15). The line of the flue on the southern side of the ridge consisted of small 
wooden remnants above the ground, which have relatively low As levels of <100 ppm A 
channel dug into the ground to the northern side of the ridge (Figure 3.24), beyond the 
chimney, yielded As concentrations of up to 1500 ppm. 
 
Figure 3.23: Photo from circa 1947 from across the valley from the processing site where the newer flue was 
discharged showing V in the dead forest (Hutton, 1947). 
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The flue is inferred to have run to the northwest of the mullock pile at the north of the 
processing site and to have been covered in sections by the mullock heap (Figure 3.25). It then 
ran across the valley and to a neighbouring hill and discharged. The line of the flue was still 
visible as a V in the revegetated tree line during site visits (Figure 3.23). There were few 
remnants of the wooden boxing left but the metal chimney was still present in pieces. A wood 
topped channel dug into the ground was also present and ran down the hill from the chimney 
site to the neighbouring valley (Figure 3.24). 
 
 
Figure 3.24: The channel which runs to the valley to the north of the ridge beyond the newer flue chimney. 
3.3.5.1 Newer flue waste 
There were three types of residue identified from the newer flue: the white scale from inside 
fallen chimney sections, sediment from within the channel located on the north side of the hill 
(Figure 3.24), and the sediment where the wooden boxing was inferred to have run up the 
southern side of the hill. The residue from both the channel and below the wooden boxing 
had the appearance of organic soil and was inferred to have had the flue residues mixed with 
it. 
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3.3.6 Industrial debris 
The industrial debris was located at the eastern end of the steep bank between the shaft 
platform and the processing plant. The debris extended approximately half way down the 
bank and covered an area of ~100 m2. It was composed of discarded industrial waste 
dominated by rusting iron debris, was highly inhomogeneous and the main elevated metal 
issues were Cu and Pb (Figure 3.12 and Figure 3.11), which had concentrations up to 3800 and 
1000 ppm respectively. 
 
 
Figure 3.25: Looking towards the north from the tailings impoundment. Both the newer and older flues can be 
seen in this photo (photo courtesy of Jim Staton, DoC). 
The debris material was metal scrap and ranged in size from small millimetre size fragments 
up to meters. This material had elevated levels of As, Pb, Zn and the highest Cu concentrations 
on site (Figure 3.12). It was found on the slope to the north east of the exclusion zone (Figure 
3.1), where the site steps down from the shaft plateau to the processing plateau, behind 
information signage. It was inferred to have been waste from the shaft site which was 
discarded ‘over the edge’ of the bank. 
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3.4 FP-XRF metal comparisons across site  
 
 
Figure 3.26: As vs. Pb for all the FP-XRF analyses collected on site separated into regions in which the analyses 
were collected. 
Plotting FP-XRF analyses for As vs. Pb demonstrated a chemical separation between the 
various mine wastes analysed on site (Figure 3.26). The tailings material was distinctive due to 
the closely clustered data showing high As and Pb levels with only a few outliers with lower 
concentrations of As and Pb. The analyses from the assay office and cableway were diverse, 
reflecting the variety of material and substrate types analysed in the assay laboratory debris. 
However, they consistently had higher Pb concentrations than the other samples, with the 
exception of the tailings material. Generally the assay office and cableway analyses were high 
in both As and/or Pb.  
The newer flue predominantly contained varying As concentrations with Pb concentrations 
below detection limit (20 ppm). There was a cluster of analyses in the low As, low Pb region. 
These data points were the analyses collected from the newer flue, grassy bank to the north 
of the exclusion zone (Figure 3.1) and the background analyses which were taken from around 
the tailings impoundment as well as some outliers from the tailings and assay laboratory 
areas. 
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3.4.1 Assay laboratory FP-XRF Results 
 
 
Figure 3.27: As vs. Pb for the assay laboratory samples analysed from the various materials. N of furnace = north 
of furnace, Grass S of lab = grass south of the assay lab. 
Due to the variability of the assay office and cableway analyses these have been further 
separated into groupings based on physical characteristics and location within the assay lab 
area. The various types of material was distinguished using the As vs. Pb concentration ratios 
(Figure 3.27). The slag material was distinctive due to its comparatively high As concentration 
relative to the Pb concentrations and, with the exception of the scale inside the newer flue, 
had the highest As levels analysed outside of the exclusion zone. 
The analyses which were taken in the area to the south of the assay laboratory were a 
combination of substrate/moss and solid assay laboratory debris. The lower Pb analyses 
within this group were taken under the grass/moss and in bare patches around the area, 
whereas the higher Pb concentrations of these analyses were mostly within a small grassy 
area, ~1.5 m2, both from the substrate and discarded debris, which had been fenced off 
(Figure 3.19). All of these samples, with the exception of two outliers, had relatively similar As 
concentrations, 1000 – 3000 ppm, with Pb concentrations varying greatly. 
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The cupels had a more varied As and Pb concentration than the analyses from the north and 
south of the assay laboratory. However, with the low As outlier removed, they do have a 
statistically significant linear relationship (r2 = 0.85) between As and Pb with a gradient of ~17, 
meaning that a small increase in the As concentration would equates to ~17 times increase in 
Pb concentration. There appears to be a relationship between the assay laboratory debris and 
the cupels, with the cupels being lower in concentration but with the same As:Pb ratio. The 
grass bank to the north of the assay laboratory (north of furnace) had a similar composition to 
the area to the south of the laboratory and the cupels area but with lower concentrations of 
both As and Pb. The similar As:Pb ratios indicate the same source 
 
Figure 3.28: FP-XRF analyses for As vs. Fe, Cu, Zn and Hg for the assay laboratory region analyses. See Figure 3.19 
for the location of the sample areas. BDL = below detection limit. 
Many samples were below detection limits for both Cu and Hg. A strong positive correlation 
was apparent for As plotted against Fe, Cu and Hg (Figure 3.28). The correlation between Fe 
and As ranges from R2 = 0.73 for the cupels and R2 = 0.99 for the area north of the furnace. As 
and Cu had a good to strong correlation for all debris types except for the slag, with 
correlations between R2 = 0.64 for the cupels and R2 = 0.99 for the recent debris. As and Hg 
are not correlated for the cupels or the area to the south of the lab and range from R2 = 0.68 
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to 0.99 for the other assay lab samples.  Zn had a positive correlation with As but it was not 
significant, R2 = <0.50, for all the sample types except for the area to the south of the lab and 
the recent debris having R2 = 0.94 and 0.95 respectively. The correlation between As and Pb is 
also positive for the area south of the lab, R2 = 0.87, recent debris, R2 = 0.98, and the north of 
the furnace with R2 = 0.99, with the other samples have an R2 = <0.50 (Figure 3.27). 
For the metal analyses, Fe, Cu, Zn and Hg, taken from the assay lab samples, the only distinctly 
elevated type of material was the slag (Figure 3.28). It had the highest Fe, Cu and Zn and was 
the only material or substrate that consistently contained Hg. The slag compositions had a 
linear relationship with the other sample types for As:Fe, As:Cu As:Pb and As:Hg. The slag had 
a comparatively low As:Zn ratio compared to the other sample types.  
3.4.2 FP-XRF results, without the assay laboratory area 
 
 
Figure 3.29: FP-XRF analyses for As vs. Pb for all analyses with the exception of the assay laboratory area. 
The tailings material had distinctively high As and Pb concentrations (Figure 3.29). The 
industrial waste was highly variable in both Pb and As, which was consistent with the material 
observed at the location which was composed of discarded metal and waste. The newer flue 
was predominantly below detection limit in Pb. However, three of the newer flue samples 
analysed, either within the chimney or from the scale taken from within the chimney, 
recorded high Pb. The chimney samples also recorded high As concentrations, as did two 
samples from the channel flue to the north of the ridge, although the newer flue area 
generally had <1000 ppm As (Figure 3.29).  
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Background concentrations of Pb in the host rock and substrate are low, ~100 ppm (Christie & 
Braithwaite, 2003) compared to the Prohibition Mine site. Therefore the “background” 
samples are not representative of the background composition of the region, rather are 
representative of the background substrate in the immediate area surrounding the tailings 
impoundment.  
 
Figure 3.30: FP-XRF analyses for As vs. Fe, Cu, Zn and Hg for all survey analyses with the exception of the assay 
laboratory area. 
The relationship between As and Fe, Cu and Zn for the tailings material is apparent in the 
Figure 3.30 with these samples predominantly clustered at the higher As:Fe, As:Cu and As:Zn 
concentrations on the graphs. The variable nature of the material, as well as the high Cu and 
Zn in the industrial waste, can be seen in the As:Cu and As:Zn graphs. However, for the rest of 
the site the Cu and Zn concentrations are variable. With the exception of the assay laboratory 
and cableway samples, and the newer flue chimney scale, there is very little Hg analysed on 
the rest of the site. 
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3.4.3 Vertical profiles through the tailings 
 
 
Figure 3.31: Vertical profiles for 3 sites in the tailings material A) As profiles, B) Pb profiles, C) Cu profiles and D) 
Zn profiles. 
The deepest vertical profile taken during the survey was #62, to a depth of 40 cm, which was 
the base of the tailings material. The vertical profiles indicated a general decrease in the 
concentration of the metals with depth (Figure 3.31). A small change in depth could represent 
a large decrease in concentrations of As, Pb, Cu and Zn, with a sharp decrease in 
concentration of all the metals at 2 cm depth, which was shown in both profile #36 and #42. 
Profile #36 showed an increase in Cu and Zn at 5 cm followed by a decrease with depth.  
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Profile #36 was the only profile with an analysis taken at 5 cm. Therefore, if the increase at 5 
cm was replicated in the other profiles, it would not have been seen and would be obscured 
by the overall decrease in concentration at 10 cm. 
Profile #62 (Figure 3.18) which reached 40 cm depth had an increase in As, Cu and Zn at 20 
cm, below which the concentrations decreased again in all profiles except the Cu. Pb does not 
show an increase but the rate of decreasing concentration at 20 cm reduces. 
The vertical profiles of the tailings material showed that variation in metal concentrations 
occurred both vertically as well as laterally within the reasonably uniformly distributed metals 
of the tailings impoundment. 
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4. Mineralogy of Mine Wastes 
4.1 Introduction   
The purpose of this chapter is to mineralogically characterise the mine wastes at Prohibition 
Mine. There were five types of mine waste analysed (Table 4.1). These included; the tailings 
material from the Edwards Roaster and processing plant, the old flue debris from the northern 
edge of the tailings impoundment and runoff area, the newer flue debris from across the 
valley, the assay office debris and cupels from the assay laboratory as well as the slag material 
located in the cableway.   
The mineralogical characterisation and FP-XRF calibration (Chapter 2), was undertaken on 20 
samples collected from the Prohibition Mine site on the initial site visit in December 2015. A 
further 21 samples were collected on the subsequent visit in April 2016 for the purpose of 
mineralogical characterisation of the site for the bioavailability study (Chapter 5). Both sets of 
samples have contributed to the data in this chapter and were analysed in the Geology 
Department laboratory, x-ray laboratory, Otago Centre for Electron Microscopy (OCEM) at the 
University of Otago and Hills Laboratories, Hamilton. Techniques used to analyse the samples 
were FP-XRF (Chapter 2), lab-XRF, XRD, EDS/SEM as well as leaching experiments and pH 
(Chapter 5).  The SEM was not calibrated for quantitative analysis of the polished sections.  
The mine wastes analysed were inhomogeneous, creating diverse environments on a 
micrometer scale. Some of the material was hydrous and it was not possible to analyse for the 
water content. Therefore, any concentration stated relating to the SEM/EDS data are 
approximate and relative only to the sample analysed.  
4.2 Mine processing tailings waste, cements and precipitates 
During processing of the ore, sulphides were separated from the ore to form a sulphide 
concentrate. The concentrate was roasted in the Edwards Roaster to oxidise the sulphides and 
create porosity. The majority of the sulphides were oxidised to completion creating hematite 
residual pseudomorphs of the parent sulphides (Figure 4.1, Table 4.1). However, a small 
proportion of the sulphide grains were not oxidised to completion and formed a partially 
oxidised rim (Figure 4.1). The calcine was composed of both the fully oxidised residual 
pseudomorphs and the partially oxidised sulphides, which were deposited in the tailings 
impoundment following cyanidation (Figure 4.1). 
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Figure 4.1: Diagram of the processes which create the various mine waste clasts from the Edwards Roaster, flue 
or chamber and the silicate tailings from the processing plant.  
 
 
.
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Table 4.1: Character of the mining wastes which are presented in this chapter; tailings material, old flue residue, newer flue residue, assay office residues and slag. 
 Tailings Old flue residue New flue residue Assay office residues Slag 
Texture, grain size Bedded sediment 
Sand-silt 
Organic rich sediment 
Quartz rich sand 
Organic rich sediment 
Scale precipitate from 
inside vent 
Glassy 
Cupels present 
Clinker 
Vesicular 
Principal minerals 
(XRD) 
Hematite 
Quartz 
Hematite 
Quartz 
Muscovite 
Chlorite 
- Amorphous 
Lead carbonate 
Maghemite 
Goethite 
Magnetite 
Arsenopyrite (relict ore) 
Quartz polymorph 
Principal Fe minerals 
(SEM) 
Hematite 
Maghemite 
Relict pyrite 
Hematite 
Pyrite (relict) 
- - Maghemite 
Goethite 
Arsenopyrite (relict ore) 
Principal As minerals 
(SEM) 
Maghemite (zoned) 
Fe-As-oxides 
Arsenopyrite (relict) 
Scorodite 
Hematite with As 
Scorodite 
Arsenolite 
Fe-As-Mn-oxide 
Hematite with As 
Fe-As oxides - Arsenopyrite (relict ore) 
Maghemite with As 
Goethite with As 
Primary accessory 
minerals 
Phosphates 
 Monazite 
 Apatite 
Zircons 
Phosphates 
 Monazite 
 Apatite 
Zircons 
Sulphides (relict ore) 
 
- 
 
- Sulphides (relict ore) 
Secondary minor 
phases 
Fe-As-Pb-Cu-Zn-oxides 
 
Cu-Zn-oxides 
Fe-As-Pb-Cu-Zn-Mn-W-
oxides 
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 Tailings Old flue residue New flue residue Assay office residues Slag 
Cement HFO 
HFA 
Highly hydrated HFO 
HFO 
HFA 
- Glass Maghemite 
Glass 
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The roasting process enabled the volatisation of As, S, residual Fe-oxides as well as other 
components that are unstable under these conditions, which were released to the 
environment via the flue (Figure 4.1). The roaster chamber and flue built up an As-rich 
precipitate, which included scorodite and arsenolite (Figure 4.1, Table 4.1). Fragments of the 
As-rich precipitate which flaked off were deposited in the flue residues and tailings 
impoundment. Silicate tailings from the processing plant were also disposed of into the 
tailings impoundment and made up a large proportion of the tailings material. Over the >70 
years since deposition, the majority of the clasts in the tailings impoundment have been 
unaltered. However, a small proportion of the partially oxidised sulphides from the roaster 
have formed in situ cementation, encapsulating surrounding clasts with hydrous ferric oxides 
(HFO’s) or hydrous ferric arsenates (HFA’s) (Figure 4.1, Table 4.1). HFO’s and HFA’s were also 
deposited independently of the partially oxidised sulphides 
4.3 Tailings 
4.3.1 Character, grain size and grain shape 
 
Figure 4.2: Photos from the tailings impoundment showing the red colouration and A) bedding and B) the quartz 
grains visible in the tailings material. 
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Figure 4.3: Pro8a was collected from inside a barrel used to construct the tailings impoundment and shows a 
typical grain distribution for the hematite and quartz in the tailings material. A rare sulphide grain is present 
(S35). 
The samples shown in Figure 4.2 and Figure 4.3 are typical of the tailings material. In hand 
specimen, the tailings are bedded on the centimeter scale, well sorted, silt to fine sand sized, 
red coloured sediment with beds of higher quartz content (Figure 4.2, A). The quartz in the 
coarser grained beds is fine to medium sand sized particles (Figure 4.2, B). Variation in size 
and shape of the quartz particles can be seen at the millimeter scale in Figure 4.3 and the 
micrometer scale in Figure 4.4. The tailings material varies in shape from sub-rounded to 
angular. It is predominantly bimodal in colour with quartz being lighter and hematite being 
darker and the occasional bright coloured metal oxide or phosphate grain (Figure 4.3, S35). 
The grains are well mixed with the hematite grains generally larger in size with the metal oxide 
grains being the smallest. The variation in grain size and shape is more apparent at the 
microscopic scale (Figure 4.4), with grains ranging from a few µm to >100 µm. Other samples 
of the tailings material have individual grains up to several hundred µm, which were generally 
the hematite grains.  
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Figure 4.4: ProJo5000 showing the variation in grain size and roundedness. Hematite pseudomorphs of 
arsenopyrite (aspy) and pyrite (py) are indicated.  
4.3.2 Mineralogy 
The tailings material is predominantly composed of quartz and hematite with muscovite and 
other minor phyllosilicates, feldspars, magnetite and maghemite, and occasional amorphous 
Fe-hydroxides, phosphates (apatite and monazite), Fe-Pb-As-Cu-Zn-oxides and zircons, as well 
as rare sulphides. XRF analyses of the tailings indicate broadly uniform As concentrations of 
2000 – 9000 ppm over the ~1400 m2 tailings impoundment and runoff area, whereas further 
mineralogical study indicates a heterogeneous As distribution. 
The XRD patterns shown in Figure 4.5 are a selection from the tailings material collected from 
site.  The tailings are mineralogically similar throughout the area with only minor differences 
and small variations in the peak heights of the patterns. The XRD analysis shows that the 
tailings material is dominated by quartz and hematite with minor muscovite, as well as either 
maghemite or magnetite present in some of the samples. There is amorphous material 
present within the samples, indicated by the elevated and diffuse XRD pattern line as opposed 
to the defined line for a purely crystalline compound (Figure 4.6). The thickness of the line 
could also be obscuring some very small peaks (Figure 4.5). 
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Figure 4.5: XRD patterns for a selection of the tailings samples showing the dominance of quartz and hematite in 
the samples. (see figure 6 for individual XRD patterns) 
 
The main indicator peaks for muscovite are at ~8.8 o2θ and ~26.6 o2θ, with the latter 
overlapping with the main quartz peak (Figure 4.6). The muscovite peak at ~8.8 o2θ is 
reasonably prominent in Pro44 (Figure 4.5) with a weaker peak in the other samples. This 
muscovite peak is absent in Pro42. There is a small peak which occurs at ~30.1 o2θ which 
could be either maghemite or magnetite (Figure 4.5). It is difficult to determine which mineral 
is responsible from the XRD patterns, as the other peaks for both minerals overlap with the 
quartz and hematite patterns, which dominate in all the tailings patterns.  
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Figure 4.6: XRD patterns for the minerals found in the tailings sample XRD patterns 
EDS element mapping was completed on several sites across the polished section for the 
sample Pro8a (Figure 4.3 was the electron image for the EDS mapping). The EDS data shows 
minor variation as demonstrated in Table 4.2, but indicates that the material is broadly 
uniform in composition on the millimeter scale; each site was approximately 3 x 2 mm. An 
average composition across the polished section is O: 38.5 wt %, Fe: 31.1 wt%, Si: 23.2 wt%, 
Al: 4.6 wt%, As: 0.8 wt%, Pb: 0.5 wt% and S: 0.1 wt% (Table 4.2).  
Table 4.2: Composition of 14 different sites from across the slide for the Pro8a sample. 
 O (wt%) Fe (wt%) Si (wt%) Al (wt%) As (wt%) Pb (wt%) S (wt%) 
Site 4  37.6 32.4 21.8 4.8 0.9 0.5 0.0 
Site 5 40.7 26.5 25.9 5.4 0.6 0.2 0.1 
Site 6 39.9 26.6 24.7 5.4 1.2 0.6 0.2 
Site 7 38.4 31.3 22.9 4.8 0.8 0.0 0.1 
Site 8 37.2 34.5 21.6 4.4 0.7 1.1 0.0 
Site 9 35.6 37.4 19.3 4.1 0.8 0.8 0.1 
Site 10 37.6 33.4 21.9 4.2 0.5 0.8 0.1 
Site 11 40.1 29.0 24.2 3.7 1.1 1.1 0.0 
Site 12 38.5 31.6 22.7 4.7 0.6 1.0 0.0 
Site 13 39.4 27.3 25.8 4.5 1.3 0.5 0.0 
Site 14 39.0 29.0 25.5 4.4 0.7 0.1 0.3 
Site 15 39.4 30.8 23.5 5.0 0.6 0.1 0.1 
Site 16 37.1 34.7 21.6 4.3 0.6 0.6 0.0 
Site 17 38.7 31.6 22.9 4.5 1.4 0.2 0.1 
Average 38.5 31.1 23.2 4.6 0.8 0.5 0.1 
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At the microscopic scale in the SEM image, variation in mineralogy becomes apparent (Figure 
4.7). Hematite is porous and varies from euhedral or rhombohedral, which are the residual 
pseudomorphs of their parent sulphide, to rounded in shape. Quartz, the darker of the 
dominant minerals, is angular and varies between a smooth flat texture (Figure 4.7, B) and 
being crushed and fragmented (Figure 4.7, A). The muscovite grains are elongate in form. The 
feldspars appear to have a rougher surface texture than the quartz and vary in colour and 
composition (Figure 4.7, A). The feldspar grain visible in Figure 4.7 (B) has two distinct 
compositions, S4 and S5. The lighter coloured S4 has higher Fe and Mg and lower Al and Si 
compared to darker S5. The bright coloured grains (Figure 4.3, S35) are generally rounded in 
shape and smooth in texture and vary in composition from metal and metalloid oxides to 
monazites (Figure 4.7, A) and zircons. Fluorapatite is present in the sample in Figure 4.7(B). 
Apatite is not common in the tailings material with only minor calcium throughout the tailings 
material. 
 
 
  
 
Figure 4.7: SEM electron images showing the composition of the tailings material. A) Pro8a, B) ProJo2000. 
Mineralogy of Mine Wastes 
95 
 
 
Figure 4.8: Montaged data from ProJo7000 illustrating the heterogeneous distribution of As in the tailings 
material with the bright red indicating higher concentrations of As. 
The overall concentration of As in Figure 4.8 is ~2 wt%. However, the distribution of As is 
heterogeneous throughout the tailings material at the micrometer scale, with the bright red in 
the image containing higher concentrations of As. The grain in the bottom right of the image is 
the cemented grain presented in Figure 4.18. 
4.3.2.1 Iron oxides 
The composition of the Fe-oxides is broadly uniform throughout the tailings material with 
normal composition of Fe: 68-72 wt% and O: 26-31 wt%. These compositions are consistent 
with hematite and maghemite (Fe: 69.9 wt%, O: 30.1 wt%).  
The most common Fe-oxide is porous hematite, which are residual pseudomorphs from the 
parent sulphides and often retain the diamond shape of arsenopyrite or the euhedral shape of 
pyrite (Figure 4.7). The hematite grains often have less- or non-porous rims of varying widths. 
The difference between the rim widths and even the presence of the rims on the hematite 
grains is observed in Figure 4.9. The large hematite in Figure 4.9 (A) has a thick, even width, 
low-porosity rim. However, above this grain there a hematite grain which has one thick 
rimmed side and a thinner rim on the other three sides as well as several grains that have no 
rims (Figure 4.9, A). 
The hematite grain pore size is variable, often with the rimmed grains having smaller pores. 
The hematite grains which are partially encapsulated in the quartz grain also have smaller 
pores than the surrounding ‘free’ hematite grains (Figure 4.14).  
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Figure 4.9: Shows the low porosity rims which have developed on a porous hematite grain and their composition 
A) location of the spectra (S#) B) location of the linescan data C) O and Fe linescan data across the porous core 
and low porosity rims of the hematite grain. Table is the composition of the spectra in A. 
 
Analysis of three point spectra (Figure 4.9, S65, S66 and S67) from across a porous hematite 
grain with a less porous rim were analysed by EDS. The results are presented in Figure 4.9, 
with the spectra showing a similar composition and have a Fe:O ratio of between 2.6 and 2.8. 
All of the spectra have minor concentrations of As, sodium (Na), Al, Si, and Pb with Cu present 
in the core, S67, which also has slightly higher levels of these elements. There is an even As 
distribution throughout the grain of ~0.5 wt%. The consistency of the ratio between Fe and O 
across the core and the rim of the grain are apparent in the corresponding linescan data 
(Figure 4.9, C). The Fe and O scan lines mirror each other, with the exception of where the line 
crosses large pores in the grain and there tends to be a greater decrease in the counts per 
second (cps) of O than Fe.  
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4.3.2.1.1 Inferences about mine processing 
The occurrences of rims on the hematite grains are interpreted to be maghemite and the 
result of the roasting conditions and sulphide composition (Paktunc et al, 2006). The presence 
of H2O, possibly tin, As concentration, oxidation temperature and crystallite size all contribute 
to the formation of maghemite in the calcine (Paktunc et al, 2006). The formation of 
maghemite irreversibly collapses the pores in the calcine and although the composition 
remains the same as the porous hematite, the structural changes are detrimental to the 
effectiveness of the cyanidation process. The purpose of the roasting process is to form 
porosity within the calcine to allow access for the cyanide to leach the gold during cyanidation 
(Robinson, 1988; Paktunc et al, 2006). Therefore, the peaks in the XRD at 17.7 o2θ and 30.2 
o2θ are interpreted to be maghemite rather than magnetite. This interpretation of maghemite 
rims is consistent with Malloch’s (2016) interpretation at the Alexander Mine, Reefton 
Goldfield, which was operational prior to the 1950’s. 
4.3.2.2 Zoning 
EDS element mapping of the zoned Fe-oxide grain (Figure 4.10) shows a prominent S-bearing 
zone as well as an As-rich zone. Embedded quartz can be seen in the Si map and the 
muscovite can be identified in the Al maps. Quartz and muscovite occur around the rim and in 
voids in the grain.  
The S is associated with Fe and generally has an As concentration of <3 wt%. The As in this 
grain is predominantly associated with the Fe and O, with the high As zones corresponding to 
lower Fe zones as seen in the As and Fe maps (Figure 4.10). A small amount of the As is 
associated with the Al at the bottom right of the grain. The S presents as a void in the As map, 
which it is inversely related to (Figure 4.10, As and S map). The quartz is indicated by the Si 
map and is brighter than other areas on the O map, indicating the higher ratio of O in quartz 
(SiO2) compared to hematite (Fe2O3). There are low concentrations of Pb, Cu and Zn (<3.5 
wt%) associated with the sulphide. The Fe map shows the sulphide as a lighter shade due to 
the ratio of Fe:S (FeS2) compared to the higher ratio of Fe:O in Fe-oxides (hematite and 
maghemite Fe2O3). 
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Figure 4.10: EDS element maps for an aggregate grain with a sulphide core which is inversely related to the As 
(As and S map). The presence of quartz and muscovite can be seen in the Si and Al map respectively. 
Figure 4.11 is a zoned, oxidised arsenopyrite pseudomorph grain with high As areas, 
particularly towards the centre of the grain with As up to 17 wt%. The Fe and As EDS element 
maps are inverted with high As correlating with lower Fe regions.  Towards the centre there is 
an oxidised pyrite grain which presents as a void in the As map. The zoned As is not 
distributed evenly around the concentric zones. There are porous zones in the grain that 
present as lower concentrations in the entire EDS element maps and as darker areas on the 
electron image. The porous zone is especially visible on the right hand side of the O and Fe 
maps as lower colour zones. 
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Figure 4.11: EDS element maps for a zoned oxidised maghemite pseudomorph of an arsenopyrite grain, 
indicating the As percentages in the zoned area. Top left panel is the electron image. 
4.3.2.2.1 Inferences about mine processing 
The pseudomorph of arsenopyrite in Figure 4.11 has been interpreted to be a maghemite 
grain with porous hematitic concentric zones associated with the lower As areas towards the 
outer edge of the grain. The grain has a polished texture and low porosity, with the exception 
of the concentric zones of hematite which display porosity. Paktunc et al (2006) noted that the 
lack of porosity of the maghemite inhibits the movement of the As within the grain and high 
As is often associated with maghemite (up to 18.6 wt%) whilst the high porosity hematite is 
associated with low As concentrations (<2.9 wt%). The maghemite grain (Figure 4.11) contains 
up to 17 wt% As with ~3 wt% As in the porous hematite towards the outer edge of the grain, 
which is consistent with Paktunc et al (2006). 
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4.3.2.3 Arsenic minerals 
Arsenic minerals that present in the tailings material are not abundant enough to show up in 
the XRD analysis, but are detected in the EDS data. There are multiple compositions of As 
minerals but all are oxides or As is a minor component of rare sulphides. The As crystal in 
Figure 4.12 has colloform texture and was present in tailings material taken from the near 
surface of the tailings impoundment. The As, Fe and Pb concentrations are broadly uniform 
throughout the crystal at concentrations of approximately 21 wt%, 30 wt% and 12 wt% 
respectively. The elements are observed in both the EDS data (Figure 4.12), and the As and Fe 
concentrations in the linescan data (Figure 4.12), which shows a broadly constant ratio 
between the Fe and As. There is a slightly higher concentration of As detected towards the 
outside of the crystal as can be seen in the linescan data.  
 
Figure 4.12: EDS element maps for As, Pb, Fe and O and linescan for an As and Pb mineral with colloform texture. 
Top left panel is the electron image.  
4.3.2.4 Accessory minerals 
Most of the accessory minerals are bright coloured, generally rounded in shape and are 
composed of Fe-Cu-Zn-Pb-As-O with occasional monazite, zircons and rare sulphides. In Figure 
4.3 the bright grain (S35) is a Fe-Pb-As-Cu-Zn-S phase with a composition of Fe:36.4 wt%, Pb: 
21.7 wt%, As: 17.5 wt%, Cu: 6.0 wt%, Zn: 2.6 wt% and S: 14.9 wt%. These compounds are not 
abundant enough to meet the detection threshold for the XRD, but are detected in the EDS 
data. The occurrence of sulphides is rare, as indicated by the EDS table (Table 4.2), with 
average S of 0.1 wt%. 
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The EDS element maps in Figure 4.13 show a mineral that has a predominantly Pb core, up to 
65 wt%, with concentrations of As, up to 15 wt%. The rim has higher As concentrations than in 
the core and also contains Cu, which is either absent or found in very low concentrations in 
the core. A Cu mineral can be seen in the centre of the mineral as a bright spot on the Cu map. 
The low concentrations of Fe are apparent in the Fe map and are highest where the Pb is 
absent. Cemented quartz grains are visible around the edge of the grain in the EDS Si map. 
 
 
Figure 4.13:  EDS element maps for a Pb-As-Cu-Fe mineral showing the zoning of the different elements, from 
ProJo2000. 
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4.3.2.4.1 Sulphides 
The oxidation of sulphides by roasting of the ore was largely successful, with the EDS data 
showing that the tailings material has ~0.1 wt% of S (Table 4.2). The S occurs as rare 
unoxidised sulphides encapsulated within another grain (Figure 4.14), partially oxidised grains 
surrounded by a partially oxidised rim from the roaster (Figure 4.1, Figure 4.15), or rare metal 
sulphides (Figure 4.3, S35). The encapsulated, unoxidised sulphides have varying As 
concentrations with many having low concentrations or As below detection limit. 
 
Figure 4.14: Pro8a. SEM backscatter images of tailings. Image of a quartz grain (left) within the tailings with 
embedded Fe-oxide and pyrite. Other more porous iron oxide grains are to right. 
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Figure 4.15: EDS element maps for a decomposing pyrite grain. ProJo5000. 
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Not all of the sulphides that went through the roaster were oxidised to completion, for 
example, the grain in Figure 4.16, which consists of a sulphide core and is surrounded by Fe-
oxide cement. The S core of this grain is apparent in the EDS S map (Figure 4.15). Immediately 
surrounding the sulphide, the lighter material to the top, bottom and left, is Fe-O cement 
(HFO) with no S and ~2 wt% As. To the right of the sulphide, the darker area (S96) has an As 
and S concentration of ~5 wt% and ~1 wt% respectively (Figure 4.16, Table 4.3).  
Table 4.3: Showing the As, Fe, O, S, Cu and Pb composition of spectra obtained from figure 16.  
Spectrum As (wt%) Fe (wt%) O (wt%) S (wt%) Cu (wt%) Pb (wt%) 
S52 2.4 64.5 30.2 - 0.3 0.3 
S57 20.1 29.4 30.0 - 1.1 14.5 
S58 14.1 44.1 25.9 - 4.1 8.0 
S59 2.1 66.8 30.5 0.2 - - 
S60 1.4 57.4 7.2 31.4 1.6 - 
S93 3.1 64.2 29.4 - 1.1 0.3 
S94 2.3 58.4 34.9 - 0.4 1.6 
S96 4.6 62.6 29.0 0.9 0.3 - 
S101 2.1 65.7 29.2 0.3 0.8 0.5 
 
  
Figure 4.16: SEM electron images of a partially decomposed pyrite grain showing both the spectra (S) relating to 
table 3 and the As, S and Pb percentages in the grain from. 
4.3.2.4.2 Inferences about mine processing 
The encapsulated grains within the quartz grain in Figure 4.14 include hematite as well as a 
pyrite, which is the parent for the hematite grains. The oxidised hematite grains are not fully 
encapsulated prior to roasting, and are therefore connected to the edge of the host grain, 
whereas the fully encapsulated pyrite grain, with no connection the quartz edge, has not been 
oxidised. 
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4.3.2.5 Iron oxide cements and hydrous ferric oxides (HFO’s) 
Cements are uncommon in the tailings material and are variable in composition and 
appearance with some of the cements presenting desiccation cracks (Figure 4.18 and Figure 
4.21) while others do not (Figure 4.20). The spectra shown in Table 4.4 are from three 
different cement samples from the tailings material. The differences in the spectra 
demonstrate the large variation in the composition of the cements across the tailings 
material. 
Table 4.4: Spectra compositions for three different cements from the tailings material. S98 is from figure 28, S57 
is from figure16 and S32 is from figure 18. 
Spectrum Fe (wt%) As (wt%) O (wt%) Si  (wt%) Al (wt%) Fe:As 
S98 51.0 11.0 30.0 0.0 1.0 4.6 
S57 29.4 20.1 30.0 0.6 1.8 1.5 
S32 35.8 20.1 36.6 0.2 3.5 1.8 
  
 
Figure 4.17: Rims are visible forming on the quartz grains as well as the start of cement developing between the 
porous grain above the quartz grains.  
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There are rims forming around the large quartz grains and connecting between them as well 
as across to the neighbouring porous hematite (Figure 4.17). The grain to the top right of the 
image is also forming a rim of the same coloured material. Also present in this figure is a non-
porous Fe-As-oxide which has ~4 wt% As and is zoned. However, EDS element mapping was 
not completed on this grain so it is not known if the As present is zoned. 
 
Table 4.5: Spectrums from the grain in figure 18 indicating the variation within the grain. All concentrations are 
approximate and to give an idea of ratios only. 
Spectrum Fe As O Si Al S Fe:As 
S26 65.1 2.2 32.2 0.4 - - 29.6 
S27 34.1 17.8 37.5 0.2 3.1 0.5 1.9 
S28 51.7 5.7 36.2 0.6 0.8 1.0 9.1 
S29 64.3 - 18.8 - - 16.9 - 
S30 58.4 1.5 38.9 0.8 - 0.5 38.9 
S31 38.8 14.7 37.9 0.4 3.5 1.5 2.6 
S32 35.8 20.1 36.6 0.2 3.5 - 1.8 
 
 
  
Figure 4.18: Grain from the roaster showing several phases of cement development from both the roaster and in-
situ cementation. The spectra (S#) relate to the spectra in table 5. 
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The grain in Figure 4.18 is zoned and there have been several stages of cementation around 
this grain. The original grain is a Fe-oxide and has a S-rich, partially oxidized rim from the 
roaster (Figure 4.1, partially oxidised rim). A first phase of cementation has occurred (Figure 
4.1, in-situ cementation) during which the cement, which has no desiccation cracks, has 
started to encroach on the hematite grain to the left of the image. The cement and hematite 
grain share a grain boundary (Figure 4.18, B). The surrounding darker cement material, with 
desiccation cracks, is a hydrated As-rich Fe-oxide (HFO) that has fully encapsulated the grain. 
The grain boundary between the original grain, first cement and hematite, with the darker 
cement is sharp. The partially oxidised rim and two cements are chemically and visually 
different, with the partially oxidised rim being the lightest in colour, encapsulating quartz 
clasts and containing S. The first cement is a mid gray coloured Fe-oxide with limited hydration 
and the latter cement is a hydrous, darker coloured Fe-As-oxide. The boundary between the 
partially oxidised rim and first phase cementation is not as well defined. The boundary 
between the grain and second phase cementation, As-rich cement, is very sharp and well 
defined (Figure 4.18).  
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Figure 4.19: EDS element mapping for a cemented grain which includes the grain in figure 18. The element maps 
show the variation in grain type within the As-rich cement.  
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The grain in Figure 4.18 can be seen in the bottom left hand corner of the EDS element maps 
(Figure 4.19) and is especially visible in the O, Fe, As and S maps. The Fe and O maps show 
clearly the grain as a Fe-oxide, with the As map clearly defining the high As cement which 
surrounds the grain. The extent of the cement and the encapsulation and variety of clasts is 
apparent with Cu, Mg, Si, Al and K maps all indicting variation in the grains. The As and Si maps 
are especially pronounced in the inversion of each other, indicating the low concentration or 
absence of As in the quartz and feldspars in these grains. 
 
Figure 4.20: Partially oxidised pyrite grain with cement surround. Inset A) shows a sharp boundary with the 
darker coloured cement and B) shows the diffuse boundary with the cement which has encapsulated clasts. 
The grain in Figure 4.20 has a Fe-oxide rim cement around a partially oxidised pyrite grain 
(Figure 4.16). The partially oxidised rim, outlined in Figure 4.16 (A), predominantly has an As 
and S concentration of ~2 wt% and <1 wt% respectively. To the left of the grain, the darker 
areas within the grain (Figure 4.16, B, S57 and S58) on the image are higher in As, up to 20 
wt%. S94 has a high Cu concentration, up to 33 wt%, and also has correspondingly lower Fe 
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and O content, 26.9 and 17.2% respectively, compared to the other spectra. High Pb 
concentrations, up to 14 wt%, are also present in this material. With the exception of the 
sulphide (Figure 4.16, S60) the Fe content ranges from 57.4-70.3 wt% and O from 26.6-32 
wt%. The darker coloured cement to the left of the grain with high Pb and As (Figure 4.20) has 
a sharp, well defined grain boundary (Figure 4.20, B). To the right of the grain is a diffuse 
boundary which has encapsulated clasts because another cement is forming. (Figure 4.20, C).  
 
Figure 4.21: EDS element maps of an aggregate grain of high As hematite, Fe-As-oxide cement with a feldspar 
and quartz. The cement is presenting with desiccation cracks.  
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Figure 4.21 is an aggregate grain with quartz (top of grain), feldspar (bottom of grain), 
hematite (left side of grain) and Fe-As-oxide cement (right hand side of grain). The different 
components of the grain are easily distinguished in both the electron image and the EDS 
element mapping. The boundaries between the components of the grain are sharp, as is the 
outside boundary of the aggregate grain with the surrounding material. The hematite has high 
As. 
4.3.2.5.1 Discussion 
Most of the high As material was present as Fe-oxide cements (HFO’s). A compound with a 
Fe:As ratio >1.5 is classified as an Fe-oxyhdroxide (HFO) and a Fe:As ratio <1.5 is classified as 
an Fe-arsenate (HFA). An Fe:As ratio between 1.5 and 5 indicates that the arsenate is co-
precipitated with the HFO, whereas Fe:As ratio >5 indicates adsorption of the As onto the 
HFO. A compound with an Fe:As ratio of 1.5 is saturated with respect to arsenate (Waychunas 
et al, 1993; Paktunc et al, 2003). 
The tailings material examined in this study had only one occurrence of a Fe:As ratio of <1.5 
which was the decomposing sulphide grain (Figure 4.20, B) and a Fe:As ratio of 1.46. This ratio 
indicated that the Fe-oxide was saturated with respect to As. However, it may not be an HFA. 
The SEM, where the concentrations were obtained from, was not calibrated for quantitative 
analysis of samples and although the oxidation state of the Fe was assumed to be Fe(III), this 
was not determined. The only other occurrence of a Fe:As ratio of <1.5 was from the Pro213a 
sample (older flue residue), with a Fe:As ratio of 0.8 (Figure 4.26). The Pro213a sample had a 
highly variable FP-XRF As concentration of 1200 – 21,000 ppm and was laminated. The grain 
was assumed to be a flake of precipitate which formed on the inside of the flue or roaster 
chamber and was then deposited in the older flue residue, rather than having formed in-situ 
(Figure 4.26). The grain had desiccation cracks indicating that it had been hydrous (Redwan et 
al, 2012). 
The secondary precipitation of HFO and HFA cements can play a role in both the attenuation 
and also the attenuation followed by the release of As due to environmental change, which 
may include seasonal change. The HFO’s have a high surface area for the adsorption of As, 
mostly as inner-sphere complexes (Goldberg, 2002; Al-Abed et al, 2007) and precipitation of 
amorphous HFA’s attenuates large concentrations of As (Jamieson et al, 2015). The HFA’s have 
a relatively high solubility compared to the more crystalline HFO’s, which are considered 
stable (Paktunc et al, 2003; Jamieson et al, 2015). The higher the Fe:As ratio,  the higher the 
stability of the precipitate between pH 3 and 8 (Krause & Ettel, 2013). The HFA phases are 
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prone to oxidative or reductive dissolution, rather than As desorption, with the consequent 
release and mobilisation of As to the environment (Paktunc et al, 2003). This release of As can 
be attenuated within the substrate if large quantities of Fe-oxyhydroxides are present to 
adsorb the As (Krause & Ettel, 1989). The HFO’s, Fe:As ratio >4 (Paktunc & Bruggeman, 2010) 
have a maximum stability at pH 4, with increasing solubility at higher and lower pH (pH <2 and 
>6). An Fe:As ratio of >3 is stable as long as conditions are kept moderately acidic and the 
HFO’s are considered suitable for long term storage of As (Riveros et al, 2001).   
There is a major mineralogical difference between the Prohibition Mine wastes and the 
Alexander mine wastes, located ~5 km apart in the Reefton goldfields. The Alexander Mine 
had lime added during the roasting of the ore. The addition of lime is partially attributed to 
the formation of suite of calcium minerals, Ca-HFA, yukonite, pharmacolite and gypsum that 
were not seen at the Prohibition site (Malloch, 2017). 
4.3.2.5.2 Inferences about mine processing 
The cements present in Figure 4.18 present both a partially oxidised rim (Fe-O-S-phase), which 
was developed during the roasting process, and two post-depositional phases of cementation 
(Figure 4.1). The first phase of in-situ cementation has a diffuse boundary with the partially 
oxidised rime and has fused with the neighbouring hematite grain. Following, or possibly 
during the first phase of cementation, the hydrological regime changed or the grain was re-
deposited in a different environment and a hydrous As-rich Fe-oxide cement was deposited, 
which encapsulated the grain. The extent of the As-rich cement and the defined nature of it 
can be seen in the EDS maps (Figure 4.19). 
The sharp boundaries between the grains and in-situ cementation are stable and unlikely to 
have mobilisation of elements into the environment under the conditions they were collected 
from. The formation of the cements with the diffuse boundaries, the first phase of 
cementation in Figure 4.18 and the right hand side of the grain in Figure 4.20 (C), indicates 
mobilisation of elements on a µm scale. The darker coloured cement to the left on the grain in 
Figure 4.16 is As and Pb rich with concentrations up to 20 wt% and 14 wt% respectively. This 
concentration of As and Pb is not present in the grain or the immediate vicinity and indicates 
mobilisation within the tailings material on a larger scale, possibly up to millimeters or 
centimeters.  
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4.4 Older flue residues 
The older flue residue samples have a large variation in character and composition. Pro211 
and Pro212 are quartz rich sediments with muscovite, abundant organic material and a hard, 
<1 cm, aggregated fraction. Pro213a is an As rich quartz sand and Pro214 is an organic rich 
sediment with a lighter coloured, finer silty sand fraction.  
 
4.4.1 Character, grain size and shape 
Variation in character between the samples and within the same samples can be seen in 
Figure 4.22 and Figure 4.23). In hand specimen Pro211, Pro212 and Pro214 look like organic-
rich sediments while Pro213a has the appearance of grayish-white fine grained sand (Figure 
4.23, B). Under the microscope variation can be seen in the composition and grain size, both 
within and between the samples.  
 
 
Figure 4.22: A) EDS electron image of Pro211 showing the highly variable size, shape and composition of the 
grains B) EDS electron image of Pro214 showing the variety in the sample compared to A. The darker minerals 
are predominantly feldspars with the white grain being a Fe-oxide. S22 has an As-Si-O composition. 
 
Figure 4.22 shows that for Pro211, Pro212 and Pro214 there is no sorting in the samples. Grain 
size ranges from a few µm to >100 µm and grain type, composition and shape are all highly 
variable, from rounded to angular grains and elongate phyllosilicates to aggregates. Organic 
material is also present in the material (Figure 4.25). Pro213a was collected within 2 m of 
Pro212 and Pro214 and demonstrates the variation between the samples. Sample Pro213a 
has variation in grain size which is apparent on the microscopic scale ranging from a few µm 
up to >100 µm (Figure 4.23). There are laminations within the sample with the grains well-
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sorted in the finer layers and less well-sorted in the larger grain sized layers. The hematite and 
metal oxides are predominantly located in a single layer with occasional hematite and metal 
oxide grains throughout the rest of the sample. The phyllosilicates predominantly align within 
the laminations, especially within the finer layers. The larger, less elongate quartz grains have 
a more random orientation. 
 
 
Figure 4.23: Images of Pro213a showing the variation of grain size and type on the microscopic scale with the 
laminations in the sample A) photomicrograph electron image, scale 20 µm B) reflected light microscope image, 
scale 500 µm. The bright grains are predominantly hematite. 
4.4.2 Mineralogy  
The mineralogy of the older flue residues Pro211, Pro212 and Pro214, consists of quartz, 
feldspar, phyllosilicates, muscovite and chlinochlore, and hematite, with minor apatite, 
monazites, Cu-Zn-As-Pb-Mn metals and oxides as well as rare As minerals, and sulphides 
(Figure 4.24). The As distribution throughout the material is highly variable with As contained 
within Fe-oxides, As minerals including arsenolite and scorodite (Figure 4.26), feldspars, metal 
oxides, cements, aggregated grains and as the weathered skeletons of relict grains (Figure 
4.27). 
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Figure 4.24: XRD diffractogram of Pro213a showing the dominance of quartz and muscovite. Qtz – quartz, Musc – 
muscovite, Clin – clinochlore. 
 
 
Figure 4.25: SEM electron image of Pro214 showing the organic material as well as the silicate mineral in the 
sample. 
For Pro213a, the dominance of quartz and the phyllosilicates, muscovite and clinochlore can 
be seen in the XRD analysis (Figure 4.24), the SEM photomicrograph and the reflected light 
microscope image (Figure 4.23). Minor feldspars, hematite, As oxide minerals and Cu-Zn-As-Pb 
oxide phases are present with rare monazites and sulphides.  
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4.4.2.1 Arsenic minerals 
The grain in Figure 4.26 appears to be a fragment of scorodite precipitate. It has a high 
concentration of As, ~37 wt% and a Fe concentration of ~30 wt%, giving an Fe:As ratio of 0.8. 
Large desiccation cracks are visible throughout the precipitate and slight zoning can be seen. 
The outermost zone on the bottom left of the grain possibly contains inclusions and the 
outermost zone towards the top is lighter in colour. This lighter coloration is consistent with 
the increase in As and Fe observed in the linescan data (Figure 4.26). There is a sharp grain 
boundary and the small clasts surrounding the scorodite are uncemented (Figure 4.26, inset). 
 
Figure 4.26: Photomicrograph of a scorodite cement from Pro213a with a composition of As:37%, Fe:30%, O:25-
29%. The linescan data location is marked and shows the increase in As concentration towards the outer edge of 
the grain.  
The variation in As minerals can be seen in Figure 4.27. The Fe-As-oxide crystals in Figure 4.27 
(A) has an As concentration of ~26 wt% with few contaminants. The Fe-Mn-As-oxide in Figure 
4.27 (D) has a Fe-Mn-As core which has leached As (Figure 4.27, E), but not Mn (Figure 4.27, F) 
into the surrounding aggregate. The whitish colour surrounding the core is the leached As. The 
core has a composition of Fe:~36-46 wt%, Mn:~12-21 wt% and As:~8-14 wt% with the 
surrounding aggregate composition of Fe:~48-58 wt%, Mn:0 wt%, As:~11 wt%. The higher As 
core can be seen in the As EDS map and the absence of Mn outside the core can be seen in 
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the Mn EDS map. The scorodite skeletal remains of a relict grain in Figure 4.27 (G) is a Fe-As 
oxide with a composition of Fe:~51-55 wt%, As ~19-24 wt% with only minor concentrations of 
other elements. Figure 4.22 (B) shows S22 which is an As-Si-O mineral and has a composition 
of As:50 wt%, O:32 wt%, Si:13 wt%.  
 
Figure 4.27: A selection of high As minerals from Pro214 which have different compositions and structure. A) 
Election image of a Fe-As crystal B) As EDS element map C) Fe EDS element map D) Electron image of a Fe-Mn-As-
oxide mineral E) Mn EDS element map F) As EDS element map G) Electron image of the scorodite skeleton of an 
aggregate grain H) As EDS element map I) Fe EDS element map.  
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4.4.2.2 Accessory minerals 
There is a high variety in the accessory minerals in the older flue residue. Apatite is present in 
small concentrations and is the square mineral in Figure 4.28 (A) with a round quartz grain in 
the middle. The only tungsten detected in all the analyses undertaken on the samples at 
collected from Prohibition Mine site was the rectangular grain in Figure 4.28 (B) which has a 
composition of W:20 wt%, Fe:10 wt%, Si:11 wt%, O:49 wt%. Figure 4.28 (C) has a composition 
of Cu:85 wt%, Zn:7 wt%, Sn:4 wt%, Fe:2 wt%. There are at least three different compositions 
of the accessory minerals in Figure 4.28 (D), monazite, Fe-S-O phase and a Cu-Zn-O phase. 
Minor sulphides are also present and can be seen in the reflected light microscope image in 
Figure 4.29 as the bright yellow coloured minerals. There was no mineralogy completed on 
the sulphides so the composition is unknown. 
 
 
Figure 4.28: Accessory minerals associated with the older flue residue A) apatite B) W-Fe-O C) Cu-Zn-Sn D) 
multiple accessory minerals including Fe-S-O, Cu-Zn-O and monazite. 
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Figure 4.29: Reflected light microscope image of Pro213a showing the presence of sulphides as the bright yellow 
grains. The layering in the material can also be seen in this figure. 
4.4.2.2.1 Inferences about mine processing 
The scorodite grain, inferred to be a flake of flue precipitate from the roasting process, has 
sharp grain boundaries and would have been deposited circa 1950’s. The sharpness of the 
boundaries as well as the uncemented smaller clasts surrounding the grain, indicate that the 
grain is stable and not leaching in to the environment. The As crystal in Figure 4.27 (A) also has 
sharp boundaries and appears to be stable without mobilisation into the surrounding 
environment.  
The grain in Figure 4.27 (C) appears to have formed a stable scorodite skeleton from an 
unstable grain which has weathered leaving just the skeleton. This grain would have been 
deposited circa 1950’s and it is unknown when the skeleton and weathering occurred but 
appears stable with no in-situ cementation present. 
The Mn-As mineral (Figure 4.27, B) has a stable Mn core, which is seen by the absence of Mn 
in the surrounding aggregate. However, the As can be seen radiating out from the Mn-As core, 
indicating that the As in this mineral is not stable and that the As is being mobilised into the 
environment.  
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4.5 Newer flue residue 
No samples were collected from the newer flue area. Therefore the only analyses available for 
the newer flue area are the FP-XRF analyses which indicated elevated Hg and As (Chapter 3). 
The substrate appeared to be organic sediment while the sample analysed from inside the 
chimney was a finely laminated, white scale ~3-5 mm thick. 
4.6 Assay office residue 
The debris collected from the assay office area was from south of the assay office location and 
were ~1 – 4 cm diameter, hard, grayish-white pebbles which had a dark green, glassy lustre 
when cut open. The XRD of this debris show that they comprise a predominantly amorphous 
material with only two discernible peaks. The large, wide rounded peaks, caused by the 
amorphous material, could potentially be obscuring peaks in the XRD pattern. The only 
mineral indicated in the XRD diffractogram is lead carbonate (Figure 4.30). The count on the 
pattern is very low, <1000 counts, compared to the mineral pattern of >20,000 counts. There 
was no sediment samples collected from around the assay office area. 
 
Figure 4.30: XRD pattern for the assay debris (top) and the pattern for lead carbonate. 
In the assay laboratory and cableway area, there were the grayish-white pebbles and slag 
material, which samples were collected from, as well as discarded cupels, which did not have 
a sample collected. The cupels were all broken, predominantly buried in the soil and had to be 
dug up. The cupels and surrounding substrate had highly elevated Pb, up to 7.1 wt%, as 
detected by the FP-XRF (Chapter 3). 
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4.6.1 Inferences about mine processing 
The lead carbonate in the assay office debris is consistent with the extreme Pb concentrations 
observed in the XRF analyses. Addition of Pb is a critical component of the fire assaying of gold 
which occurred in the assay office (Marsden & House, 1992). Therefore, the elevated Pb, 
which is present in both the assay laboratory pebble debris and the cupels, is an indicator that 
the material has come from the assay office. The glassy texture of the assay laboratory 
pebbles indicates sudden quenching of the material. 
4.7 Slag 
4.7.1 Character, grain size and shape 
In hand specimen the slag material is vesicular and clinker in texture, browny, rusty coloured 
with visible clasts and sulphides (Figure 3.22). The clasts are variable in size and type and 
encased in variably coloured glassy cement. The clasts range from angular to rounded and 
elongate in shape and vary from a few micrometers to millimeters in size (Figure 4.31). The 
smaller grains appear to be clumped together (Figure 4.35) or dispersed along the light gray 
cement (Figure 4.35, A).  
 
Figure 4.31: EDS photomicrograph of the slag material showing the clasts; quartz, Fe-oxides and sulphides, and 
the cementing Fe-oxide, which includes a hematite composition. Pro79. 
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4.7.2 Mineralogy 
XRD analysis was completed on all of the slag samples, Pro77, Pro79, Pro80, Pro89, Pro91 and 
Pro102. It shows a similar pattern for all slag samples, with a large proportion of amorphous 
material, which is indicated by the wide peaks and diffuse line. The presenting peaks are not 
very high, with the highest peaks at ~2500 counts while the background pattern is at ~2000 
counts (Figure 4.33). The rounded peaks and diffuse line could be obscuring small peaks. The 
minerals detected in the XRD are maghemite, magnetite, goethite, quartz and arsenopyrite.   
 
 
Figure 4.32: Polarised light microscope images of the grains in the slag material, A) showing the un-oriented 
crystallites, B) showing the variation of minerals in the clasts, C) showing the surrounding isotropic Fe-oxide.  
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The overall composition of the slag material, determined from the EDS, has As concentrations 
of >2 wt%. The clasts within the slag are composed of Fe-oxides, quartz, micas and sulphides 
and are cemented by at least two compositions of Fe-oxides (Figure 4.31). Under the polarised 
light microscope some of the clasts show recrystallisation with small bladed, non-oriented 
crystallites forming as well as mottled micas present with birdseye extinction (Figure 4.32). 
The Fe-oxides are isotropic under cross-polarised light (Figure 4.35, C). 
 
 
Figure 4.33: XRD diffractogram of Pro79. Magh – Maghemite, Magn – Magnetite, Goe – Goethite, Qtz – quartz 
and Aspy – Arsenopyrite. 
The XRD analyses and the Fe content of the cement materials, as determined by EDS, are 
consistent with goethite, Fe:62.9% and O:36.0%, and maghemite, Fe:69.9% and O:30.1%. The 
absence of hematite in the slag material is consistent with the rusty colouration rather than a 
reddish hematite colour. The sulphides present in the slag material could be a combination of 
galena, chalcopyrite, sphalerite, stibnite, pyrite, sulphosalts (bournonite, zinkenite and 
tetrahedrite/tennantite), as well as the arsenopyrites detected in the XRD and EDS analyses. 
All of these sulphides are known to be present in the ore of the birthday reef (Willams & 
McKee, 1974; Christie & Braithwaite, 2003) and may not be detected in the XRD as they are 
below the detection limit. 
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4.7.2.1 Iron oxides 
Fe-oxides are present as both clasts and cements in the slag material. The clasts of Fe-oxide 
have varying Fe content, for example S4 has a concentration of ~60 wt% and S5 has ~65 wt% 
(Figure 4.34, A). The Fe-oxide cements have varying concentrations of Fe (Figure 4.34, A) 
ranging from ~69 wt% in the lighter cement (S3) and ~60 wt% in the darker cement (S8), with 
the former being consistent with maghemite or ferrihydrite. There are only minor 
concentrations of S or As, <1 wt%, in the cement material and Fe-oxide clasts. Acicular Fe-
oxide crystals have developed in the voids of the slag, nucleating from the Fe-oxide cements, 
forming lattices within the voids (Figure 4.34, B). 
 
Figure 4.34: SEM photomicrographs of Pro79. A) Image of arsenopyrites encapsulated in Fe-oxide as well as 
different types of Fe-oxides including; cements, clasts and acicular crystal forms filling voids. S3 – S8 are spectra 
collected from the EDS. B) Acicular crystals form in voids. 
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4.7.2.2 Sulphides 
 
Figure 4.35: Pro79. Reflected light microscope images A) showing the aligned arsenopyrites (Aspy) in the 
hematite and the euhedral and rhombohedral grains. B) showing the decomposing arsenopyrite grains. C) the 
bimodal sulphides with the larger fraction predominantly arsenopyrites and the smaller fraction cannot be 
determined the type of sulphide. Hematite is the lighter coloured cement. 
The sulphide grains in the slag material are bimodal, with the larger fraction up to 1 mm and 
the smaller fraction a few micrometers in size (Figure 4.35, C). The sulphides present in the 
reflected light microscope image present as light yellow, predominantly rhombohedral and 
euhedral grains (Figure 4.35). They are in varying states of decomposition with most 
presenting as almost completely euhedral or rhombohedral shapes (Figure 4.35, A), while 
others present as fractured grains (Figure 4.35, B). The sulphides tend to align in the lighter 
elongate cement sections of the slag or clump with other defined clasts of approximately the 
same size (Figure 4.35, A). 
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The larger sized sulphides are predominantly arsenopyrites, as indicated by the XRD (Figure 
4.30) and EDS element mapping (Figure 4.36) analyses and have a composition of As:~44 wt%, 
Fe:~33 wt%, S:~21 wt%. However, the composition of the smaller sized sulphides is not 
determined. They are either arsenopyrites or the concentration is too low to be detected in 
the XRD patterns and EDS point analysis was not undertaken on them. In Figure 4.36, all the 
visible sulphides are arsenopyrites, as can be observed in the EDS As and S maps. The 
resolution of the EDS maps is not high enough to determine if the small sulphides in the 
electron image are arsenopyrites. The absence of O in the sulphides is also apparent as voids 
in the O map. The small amount of quartz in this sample can also be seen in the Si map. 
 
Figure 4.36: Electron image of a section of Pro79 (top left) and EDS maps of the same image for O, As, S, Fe and 
Si, showing that the sulphides are arsenopyrites. 
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4.7.2.2.1 Inferences about mine processing  
The recrystallisation and small, non-oriented crystallites indicates that the clasts were 
unobstructed and quenched quickly to form glass. The Fe-oxides have also formed as a glass 
indicating that the material was quenched quickly.  
There are visible signs of weathering on the outside of the slag, with the main blocks 
crumbling and smaller fragments lying around on the ground (Figure 3.21). The FP-XRF 
analyses from the substrate underlying the slag material showed up to 3.6 wt% As (Chapter 3), 
indicating decomposition of the arsenopyrite grains, which are leaching As into the 
surrounding substrate (Craw et al, 2003b). However, the mobilisation of As appears to be 
occurring on the weathered exterior and fragments on the ground rather than in the interior 
of the blocks of slag. The Fe-oxide cements within the slag have low As concentrations, <1 
wt%, indicating that the source of As leaching in to the substrate is not the same as the source 
for the mobilisation and transfer of elements to the Fe-oxide cements and acicular Fe-oxide 
crystals in the interior of the slag material.  
The slag material was found in the cableway area where the assay office debris was found. 
However, it is interpreted that the slag material had been discarded from the roaster furnace 
rather than the assay laboratory. The slag was comparatively higher in As and low in Pb and Zn 
compared to the assay office debris (Figure 4.37). The composition shows a high 
concentration of arsenopyrites and possible other sulphides, which would not have survived 
the assaying process. The Hg in the slag material is also consistent with the origin being from 
the roaster because the concentrate had been through an amalgam barrel before being 
roasted, whereas there was no Hg used in the assaying process (Hutton, 1947) and the 
concentrations are too high to be naturally derived.  It also does not seem reasonable that the 
size of the large blocks of slag material had come out of the assay office as the furnaces used 
in assaying are smaller than would be required to produce such large blocks.  
Mineralogy of Mine Wastes 
128 
 
 
Figure 4.37: Ternary diagram for As, Pb and Zn showing the compositions for the slag material and all the 
assay office debris. 
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5. Bioavailability of arsenic in Prohibition tailings 
The transfer of elements, including heavy metals and metalloids, from the abiotic sphere; 
substrate, water or air, to the biosphere is an important component of the ecosystem 
(Chojnacka et al, 2005). The proportion of elements available to undergo this transfer to the 
biosphere is known as the bioavailability of the element involved. The primary factors that 
affect the bioavailability are physical, chemical and biological factors and the interactions 
between them (Ernst, 1996).  
 “The bioavailability and mobility of As is dependent on the parent material, oxidation state 
and mobilisation mechanisms” (Al-Abed et al, 2007). Although the two most common 
oxidation states of As occur under different redox conditions, reducing with near neutral pH 
for As (III) and predominantly well oxidised for As (V), they can both occur in the same 
environment due to slow redox transformations. The mobility of As is dependent on metal 
oxides and their affinity to bind and immobilise As, primarily through adsorption (Jackson & 
Miller, 2000; Al-Abed et al, 2007). 
5.1 Introduction for leaching experiments at Prohibition Mine 
site 
 
Figure 5.1: Location of the older flue in relation to the tailings impoundment and exclusion zone. 
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As part of this study a collaborative project was undertaken with Robyn Simcock and Jo 
Cavanagh from Landcare Research, New Zealand, looking at the bioavailability of As in the 
substrates of the tailings impoundment area at Prohibition Mine site. The purpose of the 
study was to look at the plant uptake of As and earthworm survival, reproduction and uptake 
of As compared to the XRF analysis of As and the As mineralogy in the substrate. Here the 
substrate samples are used for leaching experiments and the plant uptake and earthworm 
experiments will be reported elsewhere. 
Table 5.1: Samples used in the leaching experiments as well as the type and As concentration of the samples. FP-
XRF As concentrations for Pro211-220 were field corrected using the calibration curve established in chapter 3. 
The As concentrations for the ProJo samples are total recoverable As as established by Hills Laboratories. 
Sample Purpose Type FP-XRF As 
(mg/kg)  
1 month 
leach 
4 month 
leach 
P-leaching 
Pro211 Plants Flue residue 900    
Pro212 Plants Flue residue 700    
Pro213 Plants Flue residue 4300    
Pro213a Plants Flue residue 8700    
Pro214 Plants Flue residue 1800    
Pro215 Plants Tailings 4800    
Pro216 Plants Tailings 6400    
Pro217 Plants Tailings 5800    
Pro218 Plants Tailings 7000    
Pro219 Plants Tailings 7500    
Pro220 Plants Tailings 4100    
ProJo2000 Worms Tailings 3700    
ProJo5000 Worms Tailings 6300    
ProJo7000 Worms Tailings 10,400    
 
The substrate samples, Pro211-Pro220, were collected in dry weather conditions, on the 24th 
April 2016 at the roots of the sampled manuka plants from the tailings impoundment and the 
older flue residue. The bulk samples, ProJo2000, ProJo5000 and ProJo7000, were collected 
from the tailings impoundment. The substrates included the red, hematite-rich, roaster 
tailings as well as the sediments from the line of the older flue, which were rich in organic 
matter, at the Prohibition Mine site (Figure 5.1) (Chapter 4).  
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The tailings material is reasonably uniform in character and the flue residue is varied in 
character. The tailings samples for this project were collected from the same tailings 
impoundment and runoff area as samples Pro8a-Pro75, which were collected for the FP-XRF 
calibration curve and field characterisation and quantification. Robyn Simcock collected the 
leaves and small stems of manuka plants and the bulk samples had earthworms introduced to 
them in the laboratory. 
Samples Pro211-220 were used to investigate leachability of the substrates (Table 5.1). Two 
separate leaching experiments were undertaken on the samples; a four month standing water 
leach test on all of the samples and a phosphate-amended (P-amended) test on one tailings 
sample and a mixture of the flue residues. The P-leached tests were sampled at one and six 
month intervals. One month standing water leach tests were completed on the ProJo samples. 
Phosphate amended leaching was completed on the samples because both P and As 
chemically behave similarly and it is well known that P will compete with and has a higher 
affinity for adsorption sites on Fe-oxides (O’Reilly et al, 2001).  
 
5.2 Methods 
5.2.1 Surface water sampling 
Surface waters were syringed from the water body and filtered through a 0.45 µm filter into 
acidified (nitric acid) sample bottles, stored in a chilly bin with cooler packs then sent to Hills 
laboratories for ICP-MS analysis for As, Sb, Cu, Pb and Zn. Sample SW site 2 was sampled from 
water that was sitting in a hole dug from a previous visit four months earlier. Sample SW site 9 
was sampled from a hole dug for sediment sample Pro219 that filled with water after the 
sediment was extracted. Sample GW3 surface water was taken from the creek flowing out of 
the artificial man-made mullock rock dam and the west of the low lying area (wetland) in the 
exclusion zone. 
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5.2.2 Four month leaching 
A four month standing water leach test was undertaken on samples Pro211-Pro220. A sample 
of 300 g of sediment which had been oven dried at ~35oC, was placed into glass Agee jars and 
covered with 300 ml distilled water. The jars were covered with aluminium foil and left 
undisturbed on a shelf for four months. Another 150 ml of distilled water was added, stirred, 
left to settle for 48 hours and pH determined, with the Oakton field meter, before water 
extraction for analysis. The water was extracted by syringe and filtered through a 0.45 µm 
filter into acidified (nitric acid) sample bottles. The samples were sent to Hills Laboratories for 
ICP-MS analysis for As, Cu, Pb and Zn. 
5.2.3 One month leaching 
A one month standing water leach test was undertaken on samples ProJo2000, ProJo5000 and 
ProJo7000. 20 g of oven dried, at ~35oC, sample was placed into a schott 50 ml screw top jar. 
To each sample, 20 ml distilled water was added, stirred, placed in a dark cupboard and left 
undisturbed for one month. The water was poured off the sample, pH determined, with the 
Oakton field meter, filtered through a 0.45 µm filter and into acidified sample bottles. The 
samples were sent to Hills laboratory for ICP-MS analysis for As, Cu, Pb and Zn.  
5.2.4 Phosphorus leaching 
Substrate samples were oven dried at ~35oC and 20 g was added to Schott 50 ml screw top 
jars. P-amendments were added to the jars according to Table 5.2. Pro215 (As ~6500 ppm) 
was used for the tailings material sample and a mixture of Pro211 and Pro214 (As ~2500 ppm) 
was used for the older flue residue sample (method is after Mains, 2004). All samples were 
duplicated for both the one and five month experiments, with the exception of the control for 
the flue residue, as there was not enough substrate to duplicate the sample. To each sample, 
30 ml of distilled water and the appropriate P-amendment was added to the jars, the contents 
were stirred, lids replaced tightly and placed undisturbed in a dark cupboard. The ratio of 20 g 
sediment to 30 ml water is equivalent to that used by Mains (2004). 
Table 5.2: Phosphorus amendment added to the tailings and flue residue material and the concentration of 
phosphorus in the sample. 
Treatment Amount added  P concentration 
Control N/A 0 ppm 
DAP (20% P) 0.75 mg 75 ppm 
DAP (20% P) 3.75 mg 375 ppm 
DAP (20% P) 10.0 mg 1000 ppm 
Superphosphate (9% P) 0.83 mg 37.5 ppm 
Superphosphate (9% P) 11.11 mg 500 ppm 
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A set of samples (2 each of a control, 37.5 ppm, 75 ppm (tailings only), 375 ppm (tailings only), 
500 ppm (flue residue only) and 1000 ppm) were analysed after one month and six months. 
The water was poured off the sample, pH determined and filtered through a 0.45 µm filter 
into acidified (nitric acid) sample bottles. The samples were sent to Hills Laboratories for IC-
PMS analysis for As (one month analysis) and As, Cu, Pb and Zn (six month analysis).  
 
5.3 Substrate characterisation 
Table 5.3: Hills Laboratory results for the fertility of the tailings material (Jo Cavanagh’s - Landcare Research, 
results). 
Parameter ProJo2000 ProJo5000 ProJo7000 Medium Range 
pH 5.9 5.6 5.0 5.8-6.3 
Olsen P (mg/L) 6 12 18 20-30 
P retention (%) 16 25 38  
K (me/100g) 0.05 0.05 0.07 0.50-0.80 
Ca (me/100g) <0.5 <0.5 <0.5 6.0-12.0 
Mg (me/100g) 0.17 0.06 0.07 1.0-3.0 
Na (me/100g) <0.05 <0.05 <0.05 0.20-0.50 
CEC (me/100g) 3 3 4 12-25 
Total base saturation (%) 3 11 9 12-25 
Volume weight (g/mL) 1.25 1.22 1.03 0.6-1.0 
Total C (%) 0.6 0.7 1.4  
 
The parameters of the substrates tested by Jo Cavanagh (Landcare Research) show very low 
substrate fertility parameters for the tailings material (Table 5.3). All of the parameters fell 
below the low range, with the exception of; pH for ProJo2000 and ProJo5000, 5.9 and 5.6 
respectively, Olsen P, which fell in the low range for all samples and the volume weight, which 
was high for all of the samples. Ca and Na for all of the ProJo samples were below detection 
limits. The cation exchange capacity (CEC) was very low for all samples, between 3 -4 me/100 
g (medium range is 12-25 me/100 g), and indicates the ability of the sediment to retain 
cations nutrients, therefore the fertility of the tailings material.  Phosphate retention is the old 
term for anion storage capacity of the sediment and describes the phosphate immobilization 
potential of the sediment (www.hill-laboratories.com).  
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5.4 Surface water compositions 
There were three surface water samples taken from site during the April 2016 site visit: two 
samples from the tailings material (SW site 2 and SW site 9), and one sample from the water 
emanating from the man-made dam (GW3 surface water) originating from the low lying area 
within the exclusion zone (Table 5.4). Both of the tailings waters had similar composition with 
the exception of Zn, which was higher in SW site 2 and Cu, which was higher in SW site 9. GW3 
surface water had significantly elevated dissolved As, 27 mg/L, and Pb that was considerably 
lower than the other water samples. 
Table 5.4: Hills Laboratory results for the surface waters collected in April 2016. 
Element SW site 2 SW site 9 GW3 surface water 
As (mg/L) 0.22 0.175 27 
Sb (mg/L) 0.008 0.0034 0.0068 
Cu (mg/L) 0.046 0.43 0.0116 
Pb (mg/L) 0.0104 0.095 0.00086 
Zn (mg/L) 2.5 0.66 0.34 
 
5.5 Leaching 
5.5.1 Four month leaching results 
A four month leaching experiment was undertaken on samples Pro211-Pro220. In Table 5.5 
the ‘colour of water’ was after the 48 hour settling period as not all samples settled 
completely clear. 
Table 5.5: pH, water colour and sample type for Samples Pro211-Pro220. The colour of the water was following 
the mixing of the samples which were left for 48 hours before being sampled. 
Sample # pH Colour of water Sample type 
Pro211 4.2 Light brown colour Flue residue 
Pro212 4.8 No free water Flue residue 
Pro213 4.7 Cloudy Flue residue 
Pro213a 5.7 Cloudy Flue residue (quartz sand) 
Pro214 4.2 Clear Flue residue 
Pro215 4.6 Clear Tailings 
Pro216 4.5 Clear Tailings 
Pro217 5.5 Clear Tailings 
Pro218 5.2 Cloudy Tailings 
Pro219 5.2 Cloudy Tailings 
Pro220 5.1 Cloudy Tailings 
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Table 5.6: Results from Hills Laboratories for dissolved As, Cu, Pb and Zn for the four month leaching of samples 
Pro211-Pro220. These samples are a mixture of flue residue and tailings material. 
Sample # As (mg/L) Cu (mg/L) Pb (mg/L) Zn (mg/L) 
Pro211 2.500 0.049 0.008 0.052 
Pro212 8.000 0.032 0.016 0.640 
Pro213 0.350 0.084 0.029 2.700 
Pro213a 5.400 0.161 0.004 0.150 
Pro214 0.066 0.230 0.013 11.400 
Pro215 0.125 0.091 0.060 3.200 
Pro216 0.073 0.510 0.101 3.400 
Pro217 0.270 0.059 0.007 0.041 
Pro218 0.177 0.085 0.020 0.129 
Pro219 0.250 0.270 0.032 0.740 
Pro220 0.141 0.141 0.040 0.820 
Detection limits 0.001 0.0005 0.0001 0.001 
 
Table 5.7: Results from Hills Laboratories for dissolved As, Cu, Pb and Zn for ProJo2000-7000. ProJo samples were 
an average of 2 samples and were leached for one month in a dark cupboard. These samples are tailings 
material. 
Sample # As (mg/L) Cu (mg/L) Pb (mg/L) Zn (mg/L) 
ProJo2000 0.340 0.265 0.063 0.340 
ProJo5000 0.047 0.480 0.070 1.805 
ProJo7000 0.076 0.430 1.740 85.000 
Detection limits 0.001 0.0005 0.0001 0.001 
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Figure 5.2: All the elements analysed, As, Cu, Pb and Zn on a log scale as well as pH. 
Figure 5.2 and  
Table 5.6 are the results for all of the four month leaching experiments. The elements 
analysed include As, Cu, Pb, and Zn. pH was taken before acidification and is plotted on the 
secondary x-axis. As and pH mirror each other as does Pb and Cu loosely. As and pH appear to 
have a positive relationship to each other and an inverse relationship with Zn. There is a wide 
range of concentrations of As and Zn, up to 2-3 orders of magnitude, but the relationship is 
consistent. There are no other obvious relationships between the elements.  
The relationship between As and pH for all the Pro samples is positive with As mirroring pH. 
An increase in pH corresponds to an increase in leached As when compared graphically to the 
other samples in the sample set (Figure 5.3). This relationship is consistent across both tailings 
and the flue residue. However, when both tailings and flue residue are considered, this 
relationship shows no correlation with an R2 = 0.03. 
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Figure 5.3: As and pH have a positive relationship across both the tailings and flue residue material. 
 
 
Figure 5.4: Zn and pH have an inverse relationship across both the tailings and flue residue material. 
The graph (Figure 5.4) shows an inverse relationship between Zn and pH. A higher Zn 
concentration corresponds to a lower pH and vice versa when compared to the rest of the 
sample set and all samples with Zn >1 mg/L have pH <5.0.  This relationship appears to occur 
for all of the samples except Pro211 and Pro212.  However, this relationship is weak and has 
an R2 = 0.36.  
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The graph (Figure 5.5) shows an inverse relationship between As and Zn, with higher As 
corresponding to lower Zn and vice versa. However, this relationship shows no correlation 
with an R2 = 0.10. The As leached from the Pro samples was more consistent for the tailings 
material, 0.073-0.270 mg/L (Pro215-Pro220) than for the variable flue residue, 0.066-8.000 
mg/L (Pro211-Pro214). The flue residue varied in concentration by two orders of magnitude. 
 
 
Figure 5.5: As and Zn have an inverse relationship across both the tailings and flue residue material. 
5.5.1.1 Tailings 
The ProJo samples (Table 5.7), which are included in the tailings results here, were leached 
under standing water for one month, undisturbed in a dark cupboard whereas the Pro 
samples were leached under standing water for four months on a shelf exposed to daylight. 
ProJo2000 and ProJo5000 were collected from the surface or near surface of the tailings 
impoundment area in the oxidised zone. ProJo7000 was collected from ~30 cm depth under 
reduced conditions. 
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Figure 5.6: As and pH for all the leached tailings material (without P-amendments). 
 
Figure 5.7: As and pH plotted against each other showing a significant linear relationship R2=0.68. 
The graph (Figure 5.6) shows that the As and pH follow a similar pattern in the tailings 
material. The As concentrations for the tailings material are all very low, (<1 mg/L,  
Table 5.6 and Table 5.7). When the As and pH concentrations are plotted against each other 
there is a positive correlation with a R2 = 0.68 (Figure 5.7). ProJo5000 is an anomalously low 
concentration (As 0.047 mg/L) but still follows the trend of low As. 
4 
4.2 
4.4 
4.6 
4.8 
5 
5.2 
5.4 
5.6 
5.8 
6 
0.01 
0.1 
1 
p
H
 
A
s 
(m
g/
L)
 
As pH 
R² = 0.6751 
0 
0.05 
0.1 
0.15 
0.2 
0.25 
0.3 
0.35 
0.4 
4 4.5 5 5.5 6 
A
s 
(m
g/
L)
 
pH 
Bioavailability of arsenic in Prohibition tailings 
140 
 
 
Figure 5.8: Zn and pH plotted against each other show a linear relationship with a R2=0.39. Note the log y-axis. 
 
 
When all the tailings samples are plotted, Zn and pH have a negative correlation with a R2 = 
0.39 (Figure 5.8). With ProJo7000 removed from the data set as an outlier because of its 
anomalously high Zn concentration of 85 mg/L, at least a magnitude higher than the other 
tailings Zn concentrations, the R2 increases to 0.74. ProJo7000 was the only sample that was 
collected from depth and possibly the only sample from a reduced area. It has a different 
leached composition with higher Pb and much higher Zn than the other tailings material as 
well as a lower pH.   
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Figure 5.9: As and Zn platted against each other show a very weak linear relationship R2=0.13. Note the log y-
axis. 
When all of the tailings samples are plotted there is a very weak inverse relationship between 
As and Zn, with an R2 = 0.13 (Figure 5.9). However, with ProJo7000 excluded due to the high 
dissolved Zn there is a stronger relationship of R2 = 0.50. ProJo7000 does follow the same 
trend as the rest of the tailings samples (Figure 5.10), where higher Zn concentrations 
correspond to lower As concentrations and lower pH. The magnitude of difference between 
the Zn concentration for ProJo7000, (85 mg/L) and the other tailings samples (0.041 – 3.400 
mg/L) is much greater and falls well outside the range for the other tailings material. Pro215 
and Pro216 have high Zn compared to the other tailings samples with Zn at 3.200 and 3.400 
mg/L respectively. All the other samples have Zn concentrations for the tailings material of <1 
mg/L.  
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Figure 5.10: As and Zn have an inverse relationship for the tailings material. ProJo7000 has extreme Zn, 85 mg/L. 
5.5.1.2 Flue residue 
For the flue residues the leaching pattern is similar to the tailings material with the As and pH 
loosely mirroring each other and the Zn having an inverse relationship (Figure 5.11). The 
dissolved As concentrations for Pro211, Pro212 and Pro213a are high, with concentrations of 
2.5, 8.0 and 5.4 mg/L respectively.  
 
 
Figure 5.11: As and pH have a positive relationship. Zn has an inverse relationship with both As and pH. 
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5.5.1.3 Leached values versus FP-XRF values 
 
Figure 5.12: FP-XRF As (mg/kg) plotted against the leached As from the substrates (mg/L). 
There is no clear relationship between the FP-XRF As of the substrate and the As leached from 
it, with an R2 = 0.13 for all of the Pro samples (Figure 5.12). When the tailings material and flue 
residue are separated there is a very weak negative correlation for the tailings samples, R2 = 
0.36 and no correlation for the flue residue, R2 = 0.02. All of the high As concentrations (>2 
mg/L) in the leachates are from flue residue samples. However, one of the flue residue 
samples, Pro214, has very low leached As (0.066 mg/L). The highest As in the leachate, 8 mg/L, 
is from Pro212 which has the lowest As in the substrate material, 700 mg/kg, as determined 
by FP-XRF. The tailings material is consistently low in leached As, while the flue residue is 
predominantly higher than the tailings. 
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Figure 5.13: FP-XRF Zn (mg/kg) plotted against the leached Zn from the substrates (mg/L). 
There is no clear relationship between the FP-XRF Zn of the substrate and the Zn leached from 
it, with an R2 = 0.04 for all Pro samples (Figure 5.13). For the four month leaching experiment, 
Pro214 and Pro215 sediment had ~350 and ~550 ppm of Zn as determined by the FP-XRF 
analysis and the leachate had 11.4 and 3.2 mg/L respectively. When the tailings material and 
flue residue are separated there is a weak correlation between the substrate type and leached 
Zn, with the tailings material and flue residue having an R2 = 0.54 & 0.37 respectively. Of the 
four samples with Zn >2 mg/L, two are tailings material and two are flue residue. The single 
highest leached Zn concentration (8.0 mg/L) has sediment Zn concentrations in the mid-range 
of the FP-XRF for all Pro samples (338 mg/kg). 
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5.5.2 P-leaching results 
 
Figure 5.14: The As and Zn concentrations for water analyses for the four month P-amended samples plotted 
against the As and Zn concentrations for FP-XRF analyses taken on the sediment used for the four month P-
leaching experiments. 
The tailings sediment and flue residue sediment concentrations used in Figure 5.14 were 
obtained from the FP-XRF analyses of the sediments that were used for the P-leaching 
experiments. The tailings water and flue residue water (leachate) were the six month results 
for the P-leaching experiments. The difference in the tailings material and flue residue 
samples can be seen in Figure 5.15 and Figure 5.16 respectively and show that the tailings 
sediment had the highest As and Zn concentrations of all the sample types. The waters 
(tailings water) leached from the tailings sediments, which have high As and high Zn, during 
the P-leaching experiments, are low in As and have a spread of Zn in the leachate. The flue 
residue sediment was lower in both As and Zn than the tailings material. However, the flue 
waters are high in As and low in Zn and are all similar in composition.  
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Figure 5.15: The one month and 6 month P-leaching results for the tailings material. Note the scale compared to 
the flue residue graph. 
For the P-leaching of the tailings material, the one month leaching results show little 
difference in the dissolved As in the leachate for the control, 37.5 ppm and 75 ppm. There was 
a considerable increase in the leachate As for 375 ppm and 1000 ppm up to 10.4 mg/L. At six 
months the leachate As levels had all decreased and there was an order of magnitude 
difference for samples 375 ppm and 1000 ppm with the six month leachate being lower than 
the one month leachate. There was no distinction between the concentration of P-amended 
and dissolved As after six months. 
 
Figure 5.16: The one month and six month P-leaching results for the flue residue material. Note the scale 
compared to the tailings graph. 
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The one month P-leaching results for the flue residue have high dissolved As. The control had 
the lowest As at 43 mg/L, with the 1000 ppm the next lowest result at 63 mg/L. The highest 
leachate As is for the 500 ppm P-amendment for both the one month and the six month tests. 
However, these differences are minimal. The six month results had high As in the leachate. 
Hills Laboratories re-analysed these samples at a lower dilution to ensure a mistake was not 
made. The P-amendment does not appear to affect the leaching of As from the flue residue. 
The leaching of As increased for all samples with time. 
 
Figure 5.17: The one month P-leaching results for the tailings material plotted against the flue residue on log 
scale. Note that where there is no data point for a P-amendment the line is drawn directly to the next data point. 
The difference between the leached As from the tailings material and flue residues following 
the one month P-leaching experiment can be seen in Figure 5.17. The effect of the increased 
P-amendment can be seen on the tailings material with an increase in the concentration of 
dissolved As in the leachate with the increased concentration of P-amendment, once 75 ppm 
is exceeded. The As leached from the flue residue does not appear to be affected by the P-
amendment concentration. The leached As for the tailings samples was >2 orders of 
magnitude above the drinking water standard (MoH, 2005), while the flue residue was up to 
four orders of magnitude above the drinking water standard. 
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Figure 5.18: The six month P-leaching results for the tailings material plotted against the flue residue on log 
scale. Note that where there is no data point for a P-amendment the line is drawn directly to the next data point. 
At six months leaching the difference between the tailings and flue residue had increased to 
three orders of magnitude (Figure 5.18). The P-amendments showed no effect on the leaching 
of As after six months on the tailings material. The small affect of the P-amendment seen at 
one month leaching was no longer present and the dissolved As concentrations had 
decreased. The increase at 37.5 ppm for tailings appeared to be an anomalous sample which is 
also seen in Figure 5.20 for As, Cu, Pb and Zn. The fertiliser used for the 37.5 ppm experiment 
was superphosphate whereas for the other experiments DAP was used to deliver the P. The 
large difference in the leached As between the tailings and flue residue, as well as the 
temporal factor involved in the leaching of As from different substrates can be seen in Figure 
5.19. The six month results for the flue residue was an order of magnitude higher than the flue 
residues one month results, two orders of magnitude higher than the tailings one month 
results, three orders of magnitude higher than the tailings six month results and four orders of 
magnitude higher than the drinking water standard. 
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Figure 5.19: All of the P-leaching results showing the division between the lower leached As tailings material and 
the higher leached As flue residue. 
 
Figure 5.20: The P-leaching results for the As, Cu, Pb and Zn at six months for the tailings material. 
The four elements, As, Cu, Pb and Zn, analysed for the six month P-leaching experiments all 
showed an increase in the concentrations in the leachate with an increase in the amount of P 
amended to the sample. The exception to this is the 37.5 ppm six month tailings sample 
(Figure 5.21), where As concentrations in the leachate increases, which is the opposite 
response to the different fertiliser than Cu, Pb and Zn. Of the elements analysed, As appeared 
to be the least affected by the increase in P amended to the sample. Zn had the highest 
concentration of the elements in all of the samples, increasing to 10.85 mg/L in the 1000 ppm 
sample. 
0.001 
0.01 
0.1 
1 
10 
100 
1000 
m
g/
L 
P-amendment 
Tail 1mth Flue 1mth Drinking water std 
Tail 6mth Flue 6mth 
0.01 
0.1 
1 
10 
100 
m
g/
L 
P-amendment 
As Cu Pb Zn 
Bioavailability of arsenic in Prohibition tailings 
150 
 
 
Figure 5.21: The P-leaching results for the As, Cu, Pb and Zn at six months for the flue residue material. 
For the flue residue samples, there did not appear to be an effect on the elements analysed, 
As, Cu, Pb and Zn, by the P-amendments. As, Pb and Zn concentrations were constant across 
all the P-amendments treatments. Only Cu varies across the P-amendments, however this did 
not appear to correspond to the P-amendments concentration. The concentration of As 
leached from the flue residue samples was two to three orders of magnitude higher than Cu, 
Pb and Zn.  
5.6 Discussion 
5.6.1 Four month leaching 
In the four month leaching experiments, there was minimal leaching of Cu and Pb from all of 
the Pro samples. While the tailings samples were all very similar in character, the flue residue 
samples were quite different from each other, ranging from an organic soil like sediment to an 
As-rich quartz sand. The leaching analyses of the four month leaching experiments supports 
the physical and FP-XRF evidence for the variation in character of each of the flue residues 
samples with the leachate composition varying substantially (Chapter 4).   
The pattern of pH and As mirroring each other and being inversely related to Zn was 
consistent for both the tailings and flue residue materials. This could indicate that the same 
process that was causing the dissolution, adsorption or desorption of As, was also causing the 
dissolution, adsorption or desorption of Zn or the dissolution of Zn minerals. Given the varied 
mineralogy of the samples, this process was likely to have pH as a primary factor (Al-Abed et 
al, 2007; Cappuyns & Swennen, 2008; Houben et al, 2013). This is supported by the strong 
0.01 
0.1 
1 
10 
100 
1000 
m
g/
L 
P-amendment 
As Cu Pb Zn 
Bioavailability of arsenic in Prohibition tailings 
151 
 
correlation that both As and Zn had with pH, with an R2 of 0.89 and 0.74 respectively. Both As 
and Zn are known to be pH sensitive with the solubility of As increasing towards neutral pH 
(Jackson & Miller, 2000; O’Reilly et al, 2001) and the solubility of Zn increasing with decreasing 
pH (Martinez & Motto, 2000). This was what was observed in these leaching experiments. 
At the Prohibition Mine site there was only minor sphalerite (Zn sulphide) in the ore (Christie 
& Braithwaite, 2003). However, the FP-XRF analyses show that Zn up to 800 ppm was present 
in the red tailings material. Therefore, the majority of the Zn in the tailings was assumed to 
have been added during the cyanidation process. This adds evidence that samples with high 
Zn in the sediments have come from the processing plant following cyanidation (Chapter 1)  
The quantity of As and Zn leached from the sediment does not appear to be controlled by the 
concentration of As or Zn in the sediment as determined by FP-XRF. The high FP-XRF As, high 
Zn tailings material has low leached As and variable Zn, whereas the variable As and low Zn 
flue residues have predominantly high leached As and variable leached Zn. This is consistent 
with previous research showing that mineralogy, organic matter content and environmental 
conditions control metal and metalloid mobilisation (Martinez & Motto, 2000). 
One of the tailings samples, ProJo7000, was taken from a location in the saturated zone at a 
depth of ~30 cm. This sample had reducing conditions, which was indicated by the presence of 
arsenic sulphide (XRD results indicate it was predominantly realgar) on a piece of wood from 
the same location (Kerr et al, 2016).  
In the tailings impoundment area the only authogenic sulphides found were encapsulated in 
quartz grains, minor components of metals minerals, within partially oxidised rims or in 
association with wood fragments that had been discarded or fallen in to the area. The 
mineralogy of the tailings material (Chapter 4) indicates that there is very little or no organic 
material in the tailings sediment. 
Two of the tailings samples (Pro219 and Pro220) were taken from locations where they would 
predominantly have been in the saturated zone during ‘normally’ wet Westland conditions 
where there would regularly be sitting water on or just below the surface. These samples 
would still dry out during drier times. All the other tailings samples in the leaching 
experiments were taken from locations where they would predominantly have been above 
the saturated zone and in more free draining conditions.  
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For Pro219 and Pro220, the location of being predominantly in the saturated zone did not 
appear to have an effect on the level of As released during the current experiments. However, 
ProJo7000, which was under reducing conditions at depth, had an order of magnitude lower 
As leached than the other samples (with the exception of Pro214 (flue residue) and 
ProJo5000).  
Table 5.8: Leaching experiment conducted by Paktunc et al (2003) on tailings from the saturated zone and from 
exposed tailings. 
Experiment type Exposed tailings - As (mg/L) Saturated tailings - As (mg/L) 
Flow through 17.9 4.2 
Flow through 34.7 10.3 
Standing water 1.1 0.3 
Standing water 3.9 2.6 
 
The results of the current study are consistent with those of Paktunc et al (2003) (Table 5.8). 
Paktunc et al (2003) found that there was a distinction between the higher As released from 
exposed tailings and lower As released from the saturated tailings during standing water 
experiments. The pattern of higher As release from exposed tailings was also seen in flow-
through leaching experiments. However, in Paktunc et al’s (2003) flow-through leaching 
experiments the amount of As leached was overall much higher. Flow-through leaching 
experiments were not conducted in this study.  
Pro211, Pro212 and Pro214 all had organic material in them, which was apparent in hand-
specimen and was supported by the SEM data for Pro211 and Pro214 (Chapter 4). Organic 
matter is known to facilitate the mobilization of As through competition for adsorption sites 
by organic acids (Bauer & Blodau, 2006; Bowell, 1994), as well as affecting the redox 
conditions and has the ability to reduce arsenate and oxidise arsenite, with Bauer & Blodus 
(2006) reporting that porewaters rich in dissolved organic matter rich can release up to three 
times the As from soils as those poor in dissolved organic matter.. In particular, humic acid has 
this effect (Ko et al, 2004).  
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The results from Pro211 and Pro212 which had high leached As, 2.5 and 8.0 mg/L respectively 
were consistent with previous research, which found that organic matter facilitates As 
leaching. However, Pro 214, which also had high organic matter content, had very low leached 
As, 0.066 mg/L. Pro 213a which also had high leached As, 5.4 mg/L, had a low organic matter 
content, but was an As-rich quartz and muscovite sand and had very little Fe oxides in it. The 
low Fe-oxide content affect may be the reason for the increased mobility of the As rather than 
the organic matter content, or it could be a combined affect. Both of these factors are known 
to affect the mobility of As (Bauer & Blodau, 2006). 
Generally the pH of the flue residue was lower than the pH of the tailings material, with the 
exception of Pro213a, which was an anomalous sample of high-As grey quartz sand. The pH of 
samples Pro215 and Pro216 were lower pH than the other tailings samples and were closer to 
the pH of the flue residues. These samples were not as bright red as the other tailings samples 
and were collected from the northern end of the area, close to the flue. The different colour 
and lower pH could have been caused through a mixing of flue residue or background organic 
rich soil and tailings material, rather than the samples being pure tailings material from the 
roaster. These two samples also had higher Zn leached than the other tailings material, which 
could be explained by the sensitivity of Zn mobility to pH.  
The mobility of As was orders of magnitude higher in the older flue residue compared to the 
tailings material. The mobility of the As was, in part, attributed to the low concentration of Fe-
oxides, (Hartley et al, 2004), the higher concentrations of organic material and differences in 
pH. 
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5.6.1.1 Zinc 
There was low As, Cu, Pb and Zn in all of the 4 month standing water leachates, with the 
exception of the ProJo7000 sample. The ProJo7000 sample was the only one collected in a 
reduced environment, from depth (20 – 40 cm). The reduced environment is indicated by the 
presence of realgar (Kerr et al, 2016; Vink, 1996), which is different from the oxidised near 
surface conditions. The ProJo experiments were conducted for one month rather than the 
four months for the Pro2XX samples. However, the two samples from this set of samples, 
ProJo2000 and ProJo5000, which were taken in the same oxidised, near surface conditions as 
the Pro2XX samples, showed similar results to the Pro2XX experiments, indicating that the one 
month and four month experiments all represent the same chemical response. The reduced 
conditions have not affected the As release from the tailings. However, the Zn and Cu are 
greatly affected by the change of conditions and Zn is highly mobile in the environment 
(Madejon et al, 2004). 
Both Cu and Zn, 43 mg/L and 85 mg/L respectively, have at least two orders of magnitude 
higher leaching for ProJo7000 than any of the other tailings material samples and Pb has at 
least one order of magnitude higher, with levels at <2 mg/L. The reduced conditions of the 
ProJo7000 sample was also more acidic, pH 4.2, compared to the Pro2XX and ProJo2000 and 
ProJo5000 samples, pH 4.5 – 5.7. pH is known to affect the chemical behaviour and mobility of 
Zn and Cu with decreased pH increasing the mobility (Harter, 1983; Kumpiene et al, 2008). For 
Zn pH is a key factor for mobilisation with it being particularly pronounced at pH <4.5 (Harter, 
1983; Calmano et al, 1993). The other tailings samples which had pH <5, had an order of 
magnitude higher dissolved Zn than those with pH >5 at 1.8 – 3.4 mg/L and 0.041 – 0.82 mg/L 
respectively. The pH, 4.2, and reduced conditions (~-200 to -50 mV) being consistent with 
previous findings that the pH and redox conditions are major factors in the mobilisation of Zn, 
Cu and Pb (Calmano et al, 1993, Kumpiene et al, 2008). pH 4.2 is on the cusp of the dominant 
Zn species, ZnOH+ and Zn(S2O3)2
-2 (Figure 5.22) (Galvan et al, 2009). Both of these Zn species 
are dissolved, but because the leachate analyses did not specify Zn species, either of these 
species could be present. 
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Figure 5.22: Eh-pH diagram for As-Fe-O-H-S with activities of ΣAs, ΣFe, ΣS = 10-6 m (modified from Vink, 1996) and 
Eh-pH for Zn-S2O3
-2-H2O with activities Zn 5x10
-3 mol/l and S 2x10-1 mol/l (modified from Galvan et al, 2009). 
 
5.6.2 P-leaching 
As and P are both group V elements and therefore, chemically, behave similarly. It is well 
known that P will compete with As for sorption sites on Fe oxides (Elbaz-Poulichet et al, 2000; 
Smith et al, 2002; O’Reilly et al, 2001). P has a stronger affinity for sorption on metal oxides 
than As and can cause As desorption (O’Reilly et al, 2001). This effect can vary depending on 
the substrate type and is particularly pronounced for substrates with limited sorption sites or 
low amounts of Fe oxides (Smith et al, 2002). Both As (III) and As (V) are adsorbed on to metal 
oxide surfaces (Gimenez et al, 2007). Factors affecting this adsorption include pH, substrate 
type and solution chemistry (Bauer & Blodus, 2006). The pH especially affects the As species 
which is adsorbed with arsenate, As(V)’s, adsorption decreases with increasing pH, with 
optimal adsorption ~pH 3. Arsenite, As(III), has an optimum adsorption at ~pH 7 with 
decreasing adsorption with both higher and lower pH (Pierce & Moore, 1982; Campbell & 
Nordstrom, 2014). Other authors have put the maximum adsorption for As (V) and As(III) at 
pH 4 and pH 8 respectively (Dixit & Hering, 2003). Desorption of As (V) from Fe-oxides 
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increases with increasing pH as well as competition from anions such as PO4
3-, MoO4 and OH
- 
(Manning & Goldberg, 1996; Jackson & Miller, 2000). The anions compete for sorption sites 
and in particular, As and P have very similar geochemical chemical behaviours. Both of As and 
P complex with Fe-oxides and Al-oxides (Smith et al, 2002). 
It should be noted that the P-amendments used for the P-leaching experiments are two 
different fertilisers, DAP and superphosphate (www.ravensdown.co.nz). The DAP was used to 
amend the 75, 375 and 1000 ppm experiments and the superphosphate was used to amend 
the 37.5 and 500 ppm experiments. The matrices of these two fertilisers are different with 
each having a different function and are manufactured through different processes. DAP is 
used to deliver nitrogen to the soil and contains 18% N as NH3, has 1% S and is manufactured 
from phosphoric acid (www.ipni.net). Superphosphate is acidic, manufactured from sulphuric 
acid, delivers 11-12% S as SO4 and has no N (nzic.org.nz). Both of these fertilisers have other 
chemical components that differ from each. 
For the tailings material, during the initial phase of the P-leaching experiments there was a 
bulk release of As, with the leachate containing As on the mg/L scale after one month. The 
initial flush of As is consistent with published material which demonstrates rapid initial release 
with the rate of desorption decreasing with time beyond 192 hours (O’Reilly et al, 2001). 
However, after six months the concentration in the leachate deceased to <1 mg/L (Figure 
5.19). The decrease in dissolved As could be explained by the re-adsorption of As onto the Fe-
oxides following the initial flux of As into the water. This could be from mass action of the high 
As leachate concentration (Barrow, 1974). Alternatively, the re-adsorption effect seen in these 
experiments occurred on a time scale of six months and could possibly be explained by a 
second mechanism of precipitation of a Fe-P-As precipitate which has a longer reaction time 
than the inner-sphere complexing adsorption onto the outer surface sorption sites (Hongshao 
& Stanforth, 2001). This theory relies on the dissolved Fe sorbing to the adsorbed P, causing 
matrix goethite to dissolve. The resulting Fe-P precipitate could then precipitate the As ions 
(Hongshau & Stanforth, 2011).  
This is contradictory to the results found by Mains (2004), who found that an increase in the 
concentration of P added to the experiment resulted in an increase in As leached. That study 
also found that the leached As generally increased with time, up to five months (Figure 5.23 
and Figure 5.24). 
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Figure 5.23: P-leaching results for Mains (2006) one, three and five months and one and six month results for the 
tailings material and flue residue in the current study. 
 
 
Figure 5.24: Using the same data as figure 22. In the line diagram the different response from the flue material is 
apparent compared to both the tailings and Mains data. The tailings material at six months shows that there is 
no effect from the P-amendment. 
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The tailings material used for the Mains (2004) experiments was from the tailings 
impoundment at Macraes Mine site. The tailings from the autoclave were remixed with the 
waste rock before being discharged to the tailings impoundment. These tailings are different 
from the Prohibition tailings, where the quartz and hematite rich tailings were discharged to 
the tailings impoundment without additional material.   The resulting tailing at Macraes mine 
has a lower Fe-oxide concentration in the Mains (2004) material. The mineralogy of the 
Macraes impoundment material is dominated by quartz, feldspar, muscovite and chlorite from 
the schist as well as calcite, anhydrite, amorphous Fe arsenates and gypsum. There is also 
pyrite, arsenopyrite and rutile at <<1 % (Craw 2003). 
The three different material types (Prohibition tailings material, Macraes tailings material and 
Prohibition flue residue) respond differently to the P-leaching experiments with the material 
type displaying more of an effect on the As leaching than the concentration of P that was 
amended to the sample. The material with the highest Fe oxide content, tailings from 
Prohibition, had similar initial release as the Mains experiments, which had a lower proportion 
of Fe-oxides. The As leached in these two experiments was an order of magnitude lower than 
the flue residue, which had the lowest Fe-oxide proportion.  
Comparing the Mains (2004) five month results with the six month results in the experiments 
in the current study show that with time the responses diverge significantly. The Prohibition 
tailings material had a significant decrease in the concentration of As in the leachate, whereas 
the Mains samples continued to have small increases in dissolved As concentration. The flue 
residue As concentration increased by an order of magnitude from the one month results. 
O’Reilly et al (2001) and Hongshao & Stanforth (2001) have suggested that there is a rapid 
initial adsorption of P onto Fe-oxides. Following on from the initial rapid adsorption, there is a 
much slower adsorption of P (O’Reilly et al, 2001). Hongshao & Stanforth (2001) have 
suggested that this results from two different reactions where, following from the initial 
reaction, a second, much slower process takes place. The second reaction has been suggested 
as a precipitation, diffusion, and solid solution formation on the surface or coagulation of 
adsorbent particles. With increasing time the authors suggest that the P, which is adsorbed, 
precipitates dissolved Fe ions which then precipitate more P forming an amorphous Fe-P 
precipitate. The dissolved As is suggested to then precipitate, forming a Fe-P-As precipitate on 
the surface (Hongshau & Stanforth, 2001). 
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These results are consistent with Smith et al (2002), who found that the quantity of Fe-oxides 
present in a sample greatly affected the concentration of As released from the sample with 
the addition of P. P had little effect on the As released from high Fe-oxides sediments but 
significantly increased the release of As (V) from low Fe-oxide sediments. Smith et al (2002) 
found that increasing the P did not always result in an increase in As desorption. The authors 
consequently suggest that there are some sorption sites for each of As and P and some sites 
that can adsorb both. The flue residue samples have additional organic matter which, as 
discussed above, through the presence of organic acids, competes with As for sorption sites. 
The different response from all the elements for the tailings 37.5 ppm sample (Figure 5.20) 
could be attributed to the different fertiliser used to deliver the P to the sediment, with 37.5 
ppm sample using superphosphate rather than DAP, which was used for the other P 
concentrations. The important chemical interaction for the metals, Cu, Pb and Zn, could be 
associated with a compound or interaction of compounds other than P. The 37.5 ppm sample 
showed lower leaching for Cu, Pb and Zn and higher for As and was only seen in the tailings 
samples, indicating that it could be associated with the Fe-rich tailings substrate interacting 
with the superphosphate compounds. 
5.7 Introduction for the plant analysis 
Natural regeneration of the wider Prohibition Mine site has occurred since mining ceased with 
predominantly beech forest now present. In the tailings impoundment area the nature of the 
forest is predominantly manuka and kanuka with invasive gorse. Ferns are abundant in the 
area surrounding the tailings with mosses and grasses growing directly in the tailings material. 
The mosses and grasses provide a platform for the establishment of the shrubs as well as 
some of these shrubs growing directly in the tailings material. 
Plant samples of manuka, kanuka, gorse, celery pine, horopito and a grass mix were collected 
on the initial site visit, 16 Dec 2015, from the tailings impoundment and runoff area. The 
plants collected were selected as they were growing directly in the red tailings material. These 
plant samples were collected independently of the sediment sampling undertaken on the 
same visit (Pro8a-Pro75). It is assumed that the material in which they were collected is the 
same composition as the rest of the tailings impoundment because there is a broadly 
consistent composition for the tailings material, as determined by the XRD and SEM data 
(Chapter 4) and the material has As between 2000 and 9000 ppm.  
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5.8 Methods 
5.8.1 Plant collection 
Leaf and twig samples of manuka (Leptospermum scoparium), kanuka (Kunzea ericioides), 
gorse (Ulex europaeus), celery pine (Phyllocladus sp.), horopito (Pseudowintera colorata) and 
a mix of grasses were collected in early summer 2015 (December) from the tailings 
impoundment area where they were growing in the red tailings material. Leaves and the small 
stems attached to the leaves were collected and bagged.  
5.8.2 Plant preparation for analysis 
The samples were oven dried at ~35oC for four days and sent to Hills Laboratories for As 
analysis. Two 200 g samples of kanuka, celery pine and horopito were sent for analysis. One of 
each of these samples was leaves only and the other sample was leaves and fine stems. One 
200 g sample of leaves only of manuka, one 200 g sample of shoots and stems for gorse as 
well as one 200 g sample of grass mix. 
The plants were not washed before drying and analysis. However, it had been raining for 
several days before collection and the shrubs were all picked at about body level rather than 
close to ground, so that dust contamination was avoided. The tops of the grasses were picked 
rather than pulling the plants out from the bottom, to prevent contamination with tailings 
material. 
Hills Laboratories ground the samples and undertook a biological materials digestion (nitric 
and hydrochloric acid micro digestion and filtration) then analysed the samples for As by ICP-
MS with a detection limit of 0.10 mg/kg. 
5.9 Plant analysis results 
Table 5.9: Results for the As content of plants collected from the tailings impoundment. 
Plant type Leaves only   
As (mg/kg) 
Leaves & twigs   
As (mg/kg) 
Percentage change 
(leaves)-(leaves & twigs) 
Celery Pine 0.41 0.29 29% 
Horopito 0.53 0.44 17% 
Kanuka 1.72 1.41 18% 
Manuka 0.80 - - 
Gorse - 3.7 - 
Grass mix 20 - - 
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Figure 5.25: Results for the As content of plants collected from the tailings impoundment. 
The results (Figure 5.25 and Table 5.9) of As uptake by the different species of plants analysed 
for this study; manuka, kanuka, celery pine, horopito, gorse and a grass mix, show that uptake 
of As by all of the analysed species was minimal. The shrubs had a lower As content than the 
grass mix, which had the highest As content of 20 mg/kg. For gorse, only the twigs and leaves 
were tested and these had the next highest As content of 3.7 mg/kg. For the plants with both 
leaves-only and leaves and twigs samples analysed, the leaves-only sample had higher As, 
which as a percentage change was significant (Table 5.9). For the samples celery pine, 
horopito and kanuka the decrease in As uptake was 29%, 17% and 18% respectively (Table 
5.9). 
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5.10 Discussion 
These study results are consistent with previous studies which found that there was only 
minor uptake of As by shrubs growing in As-rich substrates at Prohibition Mine site, with the 
As concentration of the substrate not having a bearing on the plant uptake concentration 
(Craw et al, 2007). Rather, uptake of As is species dependent. Some plants act as As 
accumulators while other species exclude As (Zhang et al, 2002; Craw et al, 2007). In the Craw 
et al (2007) study, As uptake in the grasses (<100 mg/kg) were found to be higher than in the 
shrubs (up to 20 mg/kg). These uptake levels were higher than in the current study which had 
As uptake of 20 mg/kg in grasses and up to 1.71 mg/kg for the shrubs growing in the As-rich 
tailings material. The mosses in the tailing impoundment area cover a large area and appear 
to be the first to colonise the red tailings material and form platforms for the shrubs to grow 
on. Mosses were not analysed in this study. However, Craw et al’s (2007) study found that 
mosses had strongly elevated As levels (>0.2%), with the hyperaccumulator moss, Pohlia 
wahlenbergii,  having a  dry weight As concentration of 3%, which would indicate that this is 
likely the case in this area.  
Even though the As concentrations in the shrubs were low, percentage wise the difference 
between the leaves only samples and the leaves and twig samples was significant, 17 – 29%. 
This is consistent with known literature, which finds that generally the leaves have a higher 
concentration than the twigs (Dunn, 2007).  
5.11   Conclusions 
 The various substrates have different responses to the standing water and P-amended 
tests. The most important factor in the leachability of As in these tests was the 
substrate type with high Fe oxide substrates having the lowest leached As and the 
lower Fe oxide, high organic matter flue residue has extreme leached As. 
 The quantity of P had a minimal effect of the leachability of the substrates. However P 
presence or absence may have an effect. 
 Over time the different substrates responded differently to the P-amended As 
leaching experiments. The dissolved As in the Fe-oxide rich tailings material decreased 
with time and the organic-rich flue residue increased substantially with time. 
 The tailings material had consistently low leached As in the four month experiments 
whereas the flue residue had variable leached As. 
 Plant uptake of As is minor from the As-rich substrates with grasses having a higher 
concentration than the shrubs.  
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6. Synthesis 
The Prohibition Mine is a good example of a gold mining site from the early 1900’s and was 
opened to the public with DOC information signs and walkways until the discovery of extreme 
As (up to 40 wt%) in 2005, which resulted in a fence being erected around the processing and 
roaster plant. The mine has been listed as number 1 on the contaminated sites list targeted 
for remediation. $3 million was allocated for the combined remediation work at Prohibition 
and Alexander Mines, with $2.6 having been spent at Prohibition Mine 
(http://www.doc.govt.nz/ news/media-releases/2016/prohibition-mine-arsenic-remediation-
complete/). The most contaminated areas at Prohibition mine, the processing and roasting 
plant, as well as the spaces immediately surrounding the plant, which were the most likely to 
be interacted with by the public, were remediated during the writing of this thesis. The site re-
opened to the public in December 2016.  
The areas covered in this thesis are outside the remediated zone. These areas contain 
elevated metals, which include arsenic (As), copper (Cu) (naturally occurring in the ore), 
mercury (Hg), lead (Pb) and zinc (Zn) (metals added during processing). 
6.1 Field quantification 
 
Figure 6.1: Site map of Prohibition Mine site showing the hotspots for elevated metals. 
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The FP-XRF survey undertaken for this thesis was for field quantification and characterisation 
of the Prohibition Mine site outside the previously studied areas (Haffert & Craw, 2009; 
Haffert, 2009). The survey indicated five distinct areas (hotspots) (Figure 6.1) and six types of 
mine wastes at the Prohibition Mine site which had elevated elements of environmental 
concern, including; As, Pb, Cu, Zn and Hg (Section 3.3).  
The five identified hotspots had varying concentrations of elevated metals. The largest area of 
elevated metals, the tailings area had elevated As, Cu, Pb and Zn, which were elevated in all 
samples, as were the older flue residue metals As, Cu, Zn and Pb. The assay office and 
cableway had locally elevated As, Pb and Hg, the industrial debris had locally elevated Cu and 
Pb and the newer flue had locally elevated As and Hg.  
The six mine wastes varied in character and occurred as either; small discrete debris or areas 
of debris, such as, the slag, cupels, newer flue chimney scale and the industrial waste, or were 
more widespread and covered larger areas of substrate, such as, the tailings impoundment 
and runoff area, older flue residue and the wider assay office area substrates, which included 
the aerial cableway. The discrete debris was easily identifiable as fragments or pieces of 
material on, or just under the surface in the case of the cupels, of the substrate.  
The FP-XRF analyses identified that within the assay office and cableway area there were two 
discrete compositions of the material (Figure 4.37). Most of the debris was very high in Pb, 
high in As and Hg was absent. Whereas the slag material was very high in As, high in Hg and 
had moderate Pb concentrations. The substrate immediately surrounding the slag material 
also presented this pattern of contamination, indicating leaching from the slag material. 
The hotspots all have different elevated metals and concentrations of those metals as well as 
different substrates and accessibility to the areas. The tailings impoundment and older flue 
areas had moderately elevated concentrations of metals and were reasonably inaccessible, 
with access being down a steep, gorse covered bank. These factors mean that the human risk 
associated with these materials are minimal. The industrial debris was a pile of scrap metal, 
which was accessible and reasonably small, ~100 m2. Once the scrap was removed, the 
leaching of metals into the substrate would cease. The newer flue substrate had moderate 
concentrations of As and no Hg present, while the scale in the iron chimney had the highest As 
and Hg analysed during the FP-XRF survey. This site was reasonably inaccessible as it was 
across the valley and through the regenerated bush. The remoteness of this area from the rest 
of the site would mean that risk would be low. The assay office and cableway had multiple 
areas which were of concern, including; very high Pb, as well as high As and Hg. Much of the 
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highest metal concentrations were associated with debris rather than the substrate, although 
the elevated metal still persisted in the substrate. The assay office and cableway were the 
most accessible of the hotspots delineated and are consequently of a higher risk than the 
other hotspots delineated in the survey. 
Based on the FP-XRF survey most of the mining wastes on site pose little risk to people on the 
site due to either; the option to remove the debris or through inaccessibility to the hotspot. 
The exception is the assay office and cableway area due to the elevated metals within the 
substrates and the proximity and accessibility of the area to the main processing site 
(exclusion zone). 
6.2 Types of mine waste 
Jamieson et al (2015) classified the types of minerals in the mining waste. The authors 
identified four types of mining related minerals which can all be identified in the Prohibition 
Mine wastes; Primary minerals hosting potential inorganic contaminants ie, arsenopyrite 
present in the slag material and the rare sulphides present with oxidised rims of the tailings 
material as well as the sulphides in the older flue waste; Other primary minerals ie, ‘gangue’ 
or ‘substrate’ minerals, such as the feldspars and quartz; Compounds produced by ore 
processing ie, hematite and maghemite, the pseudomorphs of sulphides from the roasting 
process, scorodite precipitate flake from the flue and the partially oxidised rims on the 
sulphides; Secondary minerals formed from weathering in the mine waste environment such 
as, the HFO and HFA cements.  
6.3 Cements 
Most of the high As material in the tailings was secondary Fe-oxide cements (HFO’s). The 
HFO’s were formed in-situ by the weathering and mobilisation of elements within the 
sediments (Figure 6.2) and can encapsulate other clasts within the material, forming cements. 
The tailings material had low concentrations of HFO’s, which contained a disproportionately 
high percentage of the As within the material (section 4.3.2.5). 
The HFO’s were generally amorphous with a high surface area, but is not measured. The high 
surface area provides an increased number of sites for As to adsorb to, therefore 
concentrating As in these minerals and resulting in high As areas, up to 30 wt%, on the 
micrometer scale, within the tailings material. As can also be co-precipitated into the structure 
of the cement creating an HFA, which has a lower Fe:As ratio of <1.5.  
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Figure 6.2: Diagram of the processes which created the various mine waste clasts from the Edwards Roaster, flue 
or flue chamber and the silicate tailings from the processing plant. A) Arsenolite precipitate grain from the flue 
or roaster chamber, B) Grain which, on the left hand side was a partially oxidised rim of a sulphide and on the 
right hand side an in-situ cement had formed and encapsulated surrounding grains. 
HFA’s are generally less stable than the HFO’s, due to decreased crystallinity in the HFA’s 
(Paktunc et al, 2003; Jamieson et al, 2015), and are prone to oxidative or reductive dissolution, 
with the consequent release and mobilisation of As to the environment (Paktunc et al, 2003). 
This release of As can be attenuated if large quantities of Fe-oxides are present to adsorb the 
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As (Krause & Ettel, 1989). It appears that over time, in the P-leaching experiments, this was 
seen in the tailings material. The stability of the HFO’s and HFA’s are pH dependent and most 
stable under slightly acidic conditions, which prevail in the tailings material (Paktunc & 
Bruggeman, 2010; Riveros et al, 2001). 
The high As cement material in the tailings at the Prohibition Mine are stable under the 
prevailing slightly acidic conditions in the tailings impoundment. Any As release which occurs 
in the tailings impoundment would be attenuated by the high Fe-oxide tailings. Changing the 
environmental conditions, in particular the pH, of the tailings impoundment would result in a 
large release of As from the tailings material 
6.4 Summary of the mine waste types 
6.5 Tailings 
The largest quantity of mine waste on site was the red tailings material in the tailings 
impoundment and runoff area, ~1400 m2. The area was reasonably inaccessible, down a steep 
gorse covered bank. The tailings material was broadly uniform in composition, both with the 
FP-XRF analyses and the mineralogical studies. However, at the microscopic scale there was 
increased variation. A large proportion of the material were clastic grains which had been 
unchanged in the >70 years since being deposited from the roaster. 
The clasts include hematite, quartz, phyllosilicates and feldspar grains which still had solid, 
unaltered boundaries, indicating that the material was stable in the current environment. 
There was also a fraction of the tailings material which showed mobilisation of material, 
forming cements (section6.3), and was consequently not stable in the tailings impoundment 
environment (Section 4.3).  
The mineralogy shows that the clasts were predominantly from the roaster, such as the 
hematitic pseudomorphs, or the silicate tailings and were the original gangue material, such as 
quartz (Figure 6.2). This material had remained unchanged for the >70 years since deposition, 
indicating that under the conditions which prevailed in the tailings area these grains were 
stable, with very limited mobilisation of elements to the environment. The hematite grains 
contain low concentrations of As, between 0 and 3 wt%, which are known to be stable under 
the slightly acidic, pH 4.8 – 5.5, oxidised conditions present in the tailings impoundment 
(Mamindy-Pajany et al, 2009; Guo et al, 2007). This distribution of As in hematite grains gives 
the tailings material its broadly uniform As concentration (Section 4.3.2).  
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Another type of mineral found in the tailings material were the weathering products that had 
formed since deposition. These products indicate that elements were mobilised within the 
substrate. Some of the As minerals (Section 4.3.2.3) as well as the cements (SectionError! 
Reference source not found.), which could be high in As (up to 30 wt%), were not stable and 
had mobilisation of As. These were seen in the grains which had diffuse boundaries and were 
commonly HFO’s cements (Figure 4.18). Mobilisation of elements can be on a local, µm scale 
or on a larger, millimeter or centimeter scale. Both the local and larger scale movement of 
elements are seen (Figure 6.2, B), where there was a high As, Cu and Pb cement which does 
not have a source in the immediate vicinity. The surrounding material has ~2 wt% As and no 
identified source of Cu or Pb and the cement has As: 20 wt%, Cu: 33 wt% and Pb: 14 wt%. 
The low levels of As leaching from the tailings material is due mostly to the stability of the 
adsorbed As onto the hematite grains. Mobilised As is readily adsorbed onto Fe-oxides 
(including hematite), which would attenuate the As released from unstable cements within 
the tailings material (Section 5.6.1.1) (Barrow, 1974; Hongshau & Stanforth, 2011). The other 
metals, Cu, Pb and Zn, analysed during the leaching experiments also show minimal leaching 
to the environment, indicating stability within the material. The exception to this was the high 
leaching of Zn, 85 mg/L, and Cu, 43 mg/L, for the sample taken from depth (~30 cm). The 
redox conditions for this sample were reducing, rather than the near surface oxidised 
conditions the other samples were collected from. The low levels of leaching were indicated 
by the low leached As in the four month leaching experiments.  
The tailings material at Prohibition Mine were completely oxidised and, other than 
encapsulated sulphides, no sulphides were present. This is consistent with the wastes found at 
the Prohibition Mine processing plant (Haffert & Craw, 2003a) and the tailings at Alexander 
Mine (Malloch, 2016), but is in contrast with many other mine tailings (Naicker et al, 2003; 
Ashley et al, 2004). The absence of sulphides and the high acid neutralising capacity of the 
Greenland Group rock mean that the issues associated with acid mine drainage commonly 
associated with gold mine tailings are not present here.  
The tailings material is stable under the current environmental conditions as indicated by the 
low levels of leaching and the mineralogical study. Mobilisation of As within the material is 
attenuated within the material. Given the quantity of the material, the leaching from it would 
be minimal. This area has not been remediated, but a fence has been erected along the top of 
the steep bank to limit access. Given the stable nature of the material and the inaccessibility 
to the area, the tailings material is best left undisturbed. 
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6.6 Older flue residue 
The older flue residue was located to the north of the tailings impoundment and was 
reasonably inaccessible. The flue was in a re-vegetated area with low Fe-oxide concentration 
and abundant organic material in the substrate. The residue was highly variable in both the 
physical character and chemical nature of the samples. The mobility of As was orders of 
magnitude higher than for the tailings material (Figure 6.7).  
The mobility of the As was, in part, attributed to the low concentration of Fe-oxides, which 
attenuate the As (Hartley et al, 2004) and the higher concentrations of organic material, which 
is known to compete with As for sorption sites on the Fe-oxides (Redman et al, 2002), as well 
as other chemical and biological factors. The minerals in the older flue residue vary from the 
stable flue precipitate (Figure 4.26) and Fe-As-O crystal (Figure 4.27, A) to the mobile 
arsenolite and Mn-As mineral (Figure 4.27, D). There was evidence that elements had 
previously been mobilised, but that the current mineral is stable, such as the stable scorodite 
skeleton mineral (Figure 4.27, G). The Mn-As mineral in Figure 4.27, (D) has leached As from 
the Mn-As rich core to the surrounding aggregate, indicating that the As is mobile. However 
the Mn associated with the core of this mineral has not leaching into the surrounding 
aggregate and under the environmental conditions at the site the mineral was stable. This 
demonstrates the different stabilities of the elements under the same environmental 
conditions. 
The other metals, Cu, Pb and Zn, tested for during the leaching tests showed minimal mobility 
to the environment. The mobility of these metals was similar to the results for the tailings 
material. This indicates that the mechanisms for mobility of the metals differ from those 
affecting As. 
The older flue residue had mobile As which would be leaching in to the environment. 
However, mobility of the other metals tested was not as prevalent. There was not much of 
this material and it was restricted to the line of the older flue, extending <100 m in distance 
and ~50 cm in width. During remediation of the Prohibition Mine site this area was not 
disturbed, but a fence was erected along the top of the steep bank down the area, limiting the 
already reasonably inaccessible site. 
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6.7 Slag 
The slag material was found in the cableway area as blocks of glassy slag material. It was very 
high in As and Hg and moderate in Pb. The substrate surrounding the slag material also had 
the high As, Hg and moderate Pb signature, indicating that it was decomposing and leaching. 
There were visible signs of weathering, such as the flaking of the slag leaving piles on the 
ground (Figure 2.3). 
The slag material was interpreted to have come from the roaster furnace rather than the 
assay laboratory. The chemical composition of the material, with both the elevated metals, As, 
Hg and Pb, present and the presence of abundant sulphides are consistent with this 
interpretation. The slag material was the only place analysed on site where sulphides were 
abundant, predominantly as arsenopyrites. In unsaturated, near surface conditions 
arsenopyrite is known to be chemically unstable and will decompose, mobilising the As (Craw 
et al, 2003b). During the processing of the ore, the sulphides were concentrated and put 
through an amalgam barrel, gaining the Hg contamination, before being roasted (Hutton, 
1947). The slag is inferred to be incompletely roasted ore concentrate that had possibly fallen 
under the furnace, been heated to form the glassy, slag texture, but not roasted and then 
discarded in the cableway.  
 
Figure 6.3: Photo of the cableway area following remediation of the Prohibition Mine undertaken in 2016 (photo 
credit: Dave Craw) 
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Due to the decomposition of the arsenopyrites and the weathering of the slag material, high 
levels of As, Hg and Pb were leaching into the environment. The removal of this material 
would be of high importance to stop any future contamination, which was undertaken during 
the remediation of the site (Figure 6.3).  The area has been covered with mullock rock and the 
substrate has been isolated. Localised acidity of the underlying substrate from any remaining 
sulphides would be neutralised by the high acid neutralising capacity of the mullock rock. 
 
6.8 Assay office and cableway debris 
The area around the assay office and cableway was analysed with the FP-XRF which indicated 
high Pb and As, with the slag and surrounding substrate (in the cableway) also high in Hg. 
However, the slag did not originate from the assay office and the cableway where it was 
located has been remediated. The only samples collected from here were grayish-white 
pebbles from south of the assay office (Section 4.6). 
The high Pb is especially prevalent on the grassy area to the south of the assay office location 
(Figure 6.1, hotspot B), as well as the cupels and surrounding substrate, which also had high As 
(Figure 6.3). Pb was added during the fire assaying of the ore to determine the grade of the 
ore. The cupels were porous and used in the final step of the assaying process to absorb the 
Pb-oxide and separate the gold (Hoffman et al, 1998). These Pb and As-rich cupels were then 
discarded on the western side of the cableway. The cupels are still present at the Prohibition 
Mine. The pebbles collected from the area were a dark glassy green when cut open and the 
XRD analysis indicated Pb-carbonate and amorphous material. This is consistent with 
originating from the assay office. 
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Figure 6.4: High Pb and As cupels which are still present on site in the assay office area which could be collected 
by the public as souvenirs. 
The assay office area is very accessible to the public on site at the Prohibition Mine. With the 
exception of the cableway, this area has not been remediated and has very high Pb and high 
As. The cupels, on the grassy western side of the cableway, are still present at the site and 
would likely be collected by tourists as souvenirs. It is recommended that this area be isolated 
from the public.   
6.9 Bioavailability 
6.9.1 Surface waters – including man-made dam 
Water sampling had previously been undertaken within the Blackwater River system from the 
Prohibition Mine site to 15 km downstream (Haffert & Craw, 2008b; Haffert, 2009). That study 
concluded that by ~500 m downstream of the mine site, the dissolved As concentration was 
0.09 mg/L, before discharging into a 10 times larger stream. The decreasing dissolved As 
concentrations continued downstream and at ~14 km downstream, where As concentrations 
were at 0.003 mg/L. The 95% and 99% ecological protection for aquatic life are 0.013 mg/L 
and 0.001 mg/L respectively (ANZECC, 2010). Therefore, the Blackwater River As 
concentrations persist at levels above 99% protection guidelines beyond 14 km downstream.  
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Figure 6.5: A) The water sampling sites in the Blackwater River catchment B) The dissolved As concentrations and 
sampling sites corresponding to the map in A (modified from Haffert & Craw, 2008b). 
Haffert & Craw (2008b) traced the waters from the low lying area (wetland) at the processing 
and roaster site, which had surface water, 13.4 mg/L (wet conditions), 52.0 mg/L (dry 
conditions) and pore water concentrations of up to 330 mg/L. These waters passed through a 
dam made from mullock rock and emerged with a concentration of 2.4 mg/L which steadily 
decreased downstream. Leachate from the tailings area would have entered the Blackwater 
River within meters upstream of where this tributary, which the low lying area water ran in to, 
entered. A contribution of As from the tailings area was not observed at this point (Figure 6.5, 
site 8), indicating that any contribution from the tailings area must be minor or absent.  
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The waters which emanated from the man-made dam, which had an As concentration of 2.4 
mg/L in 2005, had increased to 27 mg/L during the April 2016 sampling (Section 5.4). This 
indicates that the previous attenuation of As which had been occurring through the man-
made dam was no longer as effective as it had been in 2005. Attenuation of the As in the 
Blackwater River is unknown and a sampling campaign would be recommended. 
The Greenland Group rocks are known to have high acid-neutralising capacity, typically 4 – 9 
wt% CaCO3 equivalent (Williams, 1974; Hewlett et al, 2005), raising the pH of the water to 
circum neutral pH. The dissolved Fe readily precipitated as HFO in the circum neutral pH 
waters. The HFO’s formed had a high surface area which is an efficient As scavenger (Haffert, 
2009). The 2016 sample was a single sample taken at the base of the artificial dam. Therefore, 
any further As attenuation which the water undergoes before reaching the Blackwater River 
was not assessed and the concentration of As which reaches the Blackwater River is unknown. 
6.9.2 Leaching 
The four month standing water leaching experiments were undertaken on the tailings material 
and older flue residue. The results showed low dissolved As concentrations leached from the 
tailings material and variable As leached from the older flue residues. Cu and Pb had low 
dissolved concentrations across all samples from the tailings and older flue residue, with the 
exception of one tailings sample. Zn had variable leaching across the all of the samples. 
Within the tailings impoundment much of the area is regularly saturated or has a high water 
table, as indicated by the non-vegetated regions which, during both site visits, had sitting 
water as well as water readily seeped in to any holes dug. Given the regional rainfall, it seems 
reasonable to assume that these are the prevailing conditions for the area. Therefore, 
standing water experiments are likely to be the most appropriate experiments to undertake.  
The results of the 4 month standing water leach experiments for the tailings material had low 
concentrations of As, 0.05 – 0.35 mg/L, in the leachate (Section 5.5.1). These results were 
similar to the two water samples, 0.18 and 0.22 mg/L (Section 5.4), collected from the tailings 
material during the site visit. This indicates that the As, which may leach from the cement 
materials, through either desorption or the dissolution of HFO or HFA cements, is adsorbed 
onto Fe-oxides over the experimental period. The tailings material is high in Fe-oxides, 
especially hematite, which rapidly adsorbs dissolved As and has strong As retention in acidic 
pH (Mamindy-Pajany et al, 2009). The saturated nature of the tailings are likely to create  
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conditions where the water is resident long enough to equilibrate the stable hematite and the 
dissolved As species (H2AsO4
-) in the water. This attenuation would limit the leached As from 
the tailings material from leaving site.  Meaning that the microscopic mobilisation of As is of 
limited consequence to leaching from the wider site. 
The older flue residue had higher leached As concentrations, 0.35 – 8.00 mg/L than the 
tailings material. However, these concentrations are not of particular concern given the small 
quantity of the older flue residue and that only a proportion of the residue is leaching at the 
higher rate. This site is also reasonably inaccessible to people as well as being a long distance 
from the nearest waterway and the possibility of attenuation before the waterway is high. 
These leaching experiments show that the minerals in the material are stable with respect to 
the As and Pb with Cu being stable in oxidised materials. Zn was highly variable and further 
investigation in to Zn stability on site should be investigated. 
6.9.2.1 Zinc 
Zn was elevated in several of the standing water leach experiments, in particular, ProJo7000, 
which was collected from a reduced environment. The ProJo experiments were conducted for 
one month rather than the four month period for the Pro2XX samples. However, the two 
samples from this set of samples, ProJo2000 and ProJo5000, which were sampled from the 
same oxidised, near surface conditions as the Pro2XX samples, show similar results to the 
Pro2XX experiments, indicating that the one month and four month experiments all represent 
the same chemical response. 
The ProJo7000 sample was the only one collected in a more acidic, pH 4.2, reduced 
environment, from depth (~40 cm). The reduced environment is indicated by the presence of 
As-sulphide, realgar (Kerr et al, 2016; Vink, 1996), which is absent in the oxidised, near surface 
conditions which all the other samples were collected from. pH and redox conditions effect 
the chemical behaviour and mobility of Zn with decreased pH increasing the mobility (Harter, 
1983; Kumpiene et al, 2008). For Zn pH is a key factor in mobilisation with it being particularly 
pronounced at pH <4.5 (Harter, 1983; Calmano et al, 1993). 
The Zn in the reduced horizon of the tailings material was leaching. There was only a single 
sample taken in the reduced horizon, therefore more sampling of the reduced horizon would 
be required to properly assess if it was the reduced conditions causing the leaching. 
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6.9.3 P-leaching 
The P-leaching experiments emphasised the responses of the different substrates and Fe-
oxide concentrations on As leaching, both independently and in response to the P-
amendment. They also showed the temporal responses to the varying substrates with the 
decrease in As leaching at six months from the Prohibition Mine tailings. The Prohibition 
tailings were high in Fe-oxides and the older flue residue was low in Fe-oxides. The Mains 
(2004) Macraes Mine tailings had a Fe-oxide concentration between the tailings and flue 
residue concentration. With the inclusion of this data there is a gradient of Fe-oxide 
concentrations. The P-leaching experiment methodology in the current study was based on 
Mains (2004).  
The Fe-oxide concentration in the material had the largest effect on the As concentration 
leached from the substrate. The attenuation of As by the Fe-oxides is apparent with the As 
released by the low Fe-oxide flue residue being three orders of magnitude higher than the 
high Fe-oxide Prohibition tailings (Figure 6.6, Figure 6.7). The Fe-oxide concentration in the 
Macraes tailings was between these concentrations and so was the As leached.  
The P-amendment appears to have a large effect on the flue residue, but little if any effect on 
the Prohibition tailings material (Figure 6.7). These results are consistent with published 
material (O’Reilly et al, 2001; Smith et al, 2002) and indicate that the leaching of As is highly 
dependent on the substrate type, with high Fe-oxide material an effective retardant of As in to 
the environment. The P-amendment had only a small affect on the leachability of As after one 
month. 
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Figure 6.6: The P-leaching data from the Prohibition tailings (tail) and older flue reside (flue) from the current 
study and the Mains (2006) Macraes tailings (Mains). 
The effect of the P-amendment is seen in the comparison between the standing water 
experiments and the P-leaching experiments. For the flue residue the As leached from the 
standing water was between 0.07 and 8.00 mg/L, whereas with the P-amendment the leached 
As was up to 350 mg/L (Figure 6.6 and Figure 6.7). For the Prohibition tailings at six months, 
there was no difference in the leached As between the P-amended samples and the standing 
water samples. 
 
Figure 6.7: The P-leaching data from the Prohibition tailings (tail) and older flue reside (flue) from the current 
study and the Mains (2006) Macraes tailings (Mains) showing the difference in the magnitude of As leached from 
the various substrates. 
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The results from the P-leaching experiments showed that, except for the one month tailings 
experiment, the P-amendment concentration has little or no bearing on the concentration of 
As leached.  The Fe-oxide rich tailings may have an initial bulk flush of As, but over a longer 
period of time, six months, the dissolved As concentrations decrease to below the initial one 
month levels. 
6.9.4 Plant uptake 
The tailings impoundment was naturally, but slowly, regenerating with most of the tailings 
material covered by grass and moss. Shrubs such as, maunka, kanuka and gorse, were 
establishing around the edges of the extent of the tailings material. Many of the shrubs had 
established on platforms created by the grasses and mosses and the manuka was up to 2 m 
tall on the tailings and 5 m tall in the surrounding bush, whilst other manuka shrubs were 
growing directly in the red tailings material. There were areas, up to ~1 x 2 m, where there 
was no vegetation and were water saturated during both of our site visits.  
It is difficult to establish if the slow regeneration of the tailings impoundment was due to 
elevated metal concentrations in the substrate, lack of nutrients in the substrate or water 
saturation of the tailings material. The pattern of regeneration was; the colonisation of 
mosses and grasses directly into the tailings material, providing platforms for shrubs to 
establish. Most of these shrubs were manuka, with some plants growing directly into the 
tailings material. Other plants, included; kanuka, gorse, celery pine, horopito and rimu were 
colonising the edges of the tailings material, with ferns being abundant in the surrounding 
bush. 
The tailings material was analysed for nutrient parameters, with all parameters being low or  
very low. This included the cation exchange capacity, which represents the substrates ability 
to retain exchangeable cations, Ca2+, Mg2+, K+ and Na+, and consequently determines the 
substrates fertility (Table 5.3). The retention of cations is dependent on the negative charges 
of clays and organic matter (MacKenzie et al, 2004). There was no organic matter observed in 
the tailings material with very little, if any, clay material observed in the mineralogical 
analyses. Therefore, there are very limited nutrients available for uptake by plants in the 
tailings material and the material has very low fertility. 
The tailings material were water saturated, which generally inhibits shrub growth. Manuka, 
which appeared to be the first shrub to colonise the tailings material and was the only shrub 
established in the more water-logged areas, is known to establish well in wet areas. Whereas 
kanuka is known to establish on well-drained soil (Cook et al, 1980). The manuka and kanuka 
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plants develop aerenchyma, specialised ventilation tissue, which provides aeration to the 
submerged parts of the plant (Mark & Smith, 1975). The development of aerenchyma is more 
pronounced in manuka and develops as a result of being submerged (Cook et al, 1980). This 
pattern of preferred substrate type may explain the prevalence of manuka rather than kanuka 
growing directly in the water-logged tailings material at Prohibition Mine.  
Arsenic is a non-essential element for plants, but can be readily taken up by certain plants 
when the As is in bioavailable forms (Casado et al, 2007). However, exclusion of As by plants 
also occurs, where the plants exclude As from their shoots and leaves when the As is 
bioavailable. The concentration of As in the substrate does not reflect the concentration of As 
which is bioavailable or that is uptaken by the plants (Craw et al, 2007). The tailings material in 
the current study has high, 2000 – 9000 ppm, As in the substrate, but low leaching rates, 
0.047 – 0.340 mg/L due to the high Fe-oxide content of the material ( 
Table 5.6). The shrubs also have low As concentration in their twigs and leaves, 0.29 – 3.7 
ppm, with the grass mix having slightly higher As, 20 ppm. The low As concentration in the 
plants could be attributed to the low As available in the waters, attributed to the individual 
plants ability to exclude As, or a combination of these and possible other factors. The grass 
mix had a higher As concentration than the shrubs and was collected from the same substrate, 
indicating that plant exclusion is a factor for these plants in this study. This is consistent with 
previous studies (Craw et al, 2007; Franco-Hernandez et al, 2010). 
The partitioning of the As within the plants appears to be significant. The leaves have higher 
As than the leaves and twigs combined for the celery pine, horopito and kanuka. The other 
plant species were only analysed for either twigs and leaves combined or just leaves. Although 
the concentration of As in the plant species was low, the percent difference was between 17% 
and 29% with the leaves having higher As concentrations than the leaves and twigs combined. 
The current study is consistent with Craw et al (2007), who concluded that limited nutrients, 
rather than As toxicity, may be the cause for the absence or limited plant growth on the As-
rich mine wastes. However, in the current study, water saturation of the substrate also 
corresponds to plant growth patterns with an absence of plants in the most water logged 
tailings material. 
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7. Conclusions and recommendations 
7.1 Conclusions 
 
 The FP-XRF is an effective method for collecting large quantities of data. However, to 
understand the stability or mobility of the elements of environmental concern a 
chemical and mineralogical study is required. This is shown in the stability of the 
comparatively high As tailings material compared to the lower As older flue residue. 
 The FP-XRF survey delineated five hotspots and six types of mine wastes with elevated 
metal concentrations, As, Cu, Hg, Pb and Zn. Each hotspot and mine waste type had 
varying metals and concentrations, with differing importance with respect to 
bioavailability and hazard to the public. 
 The FP-XRF field analyses for the tailings material and older flue residue can be 
corrected to lab-XRF concentrations using the equation y = 0.5712x – 263.66 and solve 
for x at the Prohibition Mine site. The largest error in the data was created by the high 
moisture content of the material, with a significant, but smaller proportion of the 
error attributable to heterogeneity of the sample. A correction factor for the slag 
material was not established because the slag material was too heterogeneous to 
develop a calibration curve and consequently, no reliable correction for the field 
analyses could be established. 
 The limited, difficult access to the tailings impoundment and runoff area and the 
broadly stable nature of the tailings material indicates that physical contact with this 
area is not a large concern and leaching is not an issue in this area. The largest 
quantity of mine waste on site is the tailings material, ~1400 m2, which has elevated 
As, Cu, Pb and Zn. The impoundment is reasonably inaccessible to the public and is 
now fenced. The material is stable under the current environmental conditions with 
respect to As. Any As leaching would be attenuated by the high Fe-oxide content. 
There may be some leaching of Cu and Zn from the deeper, reduced area of the 
tailings.  
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 The older flue residue is of lesser aerial extent, ~100 m2, than the tailings material. 
However, there is higher leaching and consequently, bioavailability. The minerals 
found in this material are more variable. Some of the minerals are less stable, 
including the only arsenolite found in the samples analysed which is indicated by the 
higher As leaching from these samples. The phosphate-leaching experiments indicate 
that changing the conditions of the material could increase the As leaching from these 
sediments. 
 The tailings impoundment and older flue residues are located in the same area and 
are reasonably inaccessible and stable under current condition. Not disturbing these 
areas is recommended. 
 The slag material was a point source for high levels of elevated Pb, As and Hg as the 
material leaches into the underlying substrate. This material has been removed and 
the substrate isolated by gravels during the recent remediation of the site and no 
longer poses a risk to the public or environment. 
 The cupels are a hazard on site. They have very high Pb and high As concentrations, 
are in a highly accessible area to the public and are a great souvenir size. It is 
recommended that these and the surrounding substrate be removed. 
 The substrate surrounding the assay office and on the western side of the cableway 
are high in Pb and As, with the grassy area to the south of the assay office very high in 
Pb. Following remediation this is the main area left with grass coverage, perfect for a 
picnic. It is recommended that the substrate in this area be removed or isolated from 
the public.  
 The waters that Haffert (2009) had previously determined were attenuated through 
the man-made dam at the bottom of the low lying area have increased in As 
concentrations, indicating that the dam is decreasing in the effectiveness for As 
removal. 
 There is limited uptake of As by the shrubs from the tailings material. The grasses 
have a higher uptake of As and this effect is expected to be species related rather than 
the bioavailability of As from the substrate. The leaching experiments indicate that 
there is limited bioavailability of As in the tailings material. 
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 The leaching experiments show that the high Fe-oxide content of the tailings material 
is a primary factor in decreasing or attenuating the leaching of As from the substrate 
and that As concentration of the substrate is not a determinant is the concentration of 
As leached from the substrate.  
 The phosphorous amendment has very limited effect on the high Fe-oxide tailings, 
whereas the low Fe-oxide older flue residues had As leaching up to three orders of 
magnitude higher, indicating the stabilising effect for As that the Fe-oxides have. 
 
7.2 Recommendations  
 The removal of the cupels and the surrounding substrate. 
 Removal of the substrate or isolation of the substrate from the area around the assay 
office, especially the area to the south. 
 To not disturb the tailings impoundment and older flue residue. 
 Zinc and copper mobility should be investigated as the decreased pH levels in the 
reducing tailings material at depth could be mobilising these elements, whereas the 
As is remaining stable 
 A water sampling campaign to understand the waters and potential changing 
conditions at the site. In particular the waters emanating from the man-made dam. 
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Table A.10: FP-XRF values for the FP-XRF survey of Prohibition Mine site. 
Reading 
Number 
gps 
number 
lat long Depth Fe 
(ppm) 
Cu 
(ppm) 
Zn 
(ppm) 
As 
(ppm) 
Pb 
(ppm) 
Hg 
(ppm) 
Corrected 
As (ppm) 
sediments 
2 25 -42.2898 171.8274 2 4929 10 32 414 179 12 725 
3 26 -42.2898 171.8275 2 2972 10 18 176 104 10 308 
4 27 -42.2898 171.8275 2 4002 23 101 206 171 10 361 
5 27 -42.2898 171.8275 5 4452 10 31 156 41 10 273 
6 28 -42.2898 171.8274 2 30137 60 155 8360 5571 101 14636 
7 29 -42.2898 171.8274 2 2393 10 29 204 219 10 357 
8 30 -42.2898 171.8273 2 2646 10 122 394 211 10 690 
9 31 -42.2899 171.8272 0 22987 108 157 1697 29162 10 2971 
10 32 -42.2899 171.8272 0 18731 41 52 851 306 10 1490 
11 32 -42.2899 171.8272 5 11528 43 76 1591 18655 81 2785 
12 33 -42.2898 171.8272 0 78798 292 746 5767 79718 10 10096 
13 34 -42.2898 171.8272 0 16290 64 105 951 11669 53 1665 
14 35 -42.2898 171.8272 0 761 10 38 86 346 10 151 
15 35 -42.2898 171.8272 2 9979 10 184 1348 13050 88 2360 
16 35 -42.2898 171.8272 5 12001 40 113 762 11359 53 1334 
17 36 -42.2899 171.8271 0 14224 10 62 793 173 15 1388 
18 36 -42.2899 171.8271 2 45012 10 90 1286 173 10 2251 
19 37 -42.2899 171.8271 2 18757 62 212 1400 32648 114 2451 
20 38 -42.2899 171.8271 2 12248 30 46 411 273 10 720 
21 41 -42.2899 171.8271 0 17977 51 232 1050 558 10 1838 
22 42 -42.29 171.8271 0 10728 29 136 1093 457 20 1914 
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Reading 
Number 
gps 
number 
lat long Depth Fe 
(ppm) 
Cu 
(ppm) 
Zn 
(ppm) 
As 
(ppm) 
Pb 
(ppm) 
Hg 
(ppm) 
Corrected 
As (ppm) 
sediments 
78 84 -42.2897 171.8271 2 51035 48 74 2054 228 39 3596 
81 87 -42.2897 171.8271 2 11684 10 29 463 327 16 811 
82 88 -42.2897 171.8271 2 1891 10 17 50 15 10 88 
83 89 -42.2897 171.8271 2 8491 10 40 358 1059 12 627 
84 90 -42.2897 171.8271 2 988 10 20 41 449 9 72 
87 91 -42.2897 171.8271 2 6212 39 20 259 34 10 453 
93 97 -42.29 171.827 2 18853 10 35 546 98 10 956 
94 98 -42.2899 171.827 2 16945 10 23 73 11 10 128 
95 99 -42.2899 171.827 2 1354 10 20 17 20 10 30 
96 100 -42.2899 171.827 2 1263 10 20 11 20 10 19 
99 102 -42.2898 171.8271 20 9483 10 12 383 157 10 671 
100 103 -42.2898 171.827 2 73134 59 183 1688 261 18 2955 
101 103 -42.2898 171.827 3 4087 10 103 99 170 10 173 
23 43 -42.2898 171.8271 0 750076 673 170 14182 241 406 24828 
24 44 -42.2898 171.8271 0 517529 235 81 3835 182 128 6714 
25 45 -42.2897 171.8271 0 338547 237 66 7239 333 184 12673 
26 46 -42.2898 171.8271 5 82468 183 96 1915 857 32 3353 
27 47 -42.2897 171.8271 5 896998 10 20 20645 306 270 36143 
77 84 -42.2897 171.8271 0 824192 148 171 13114 290 236 22959 
79 85 -42.2898 171.8271 0 1118056 252 254 22781 651 440 39883 
80 86 -42.2898 171.8271 0 422026 1090 169 9137 281 343 15996 
85 91 -42.2897 171.8271 0 1448143 896 324 19232 465 528 33669 
88 91 -42.2897 171.8271 0 1070467 643 177 26901 247 765 47096 
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Reading 
Number 
gps 
number 
lat long Depth Fe 
(ppm) 
Cu 
(ppm) 
Zn 
(ppm) 
As 
(ppm) 
Pb 
(ppm) 
Hg 
(ppm) 
Corrected 
As (ppm) 
sediments 
89 93 -42.2898 171.827 0 465823 523 335 7954 5656 112 13925 
90 94 -42.2898 171.827 20 821439 578 213 13619 2392 188 23843 
102 104 -42.2898 171.8271 0 916750 327 179 14653 530 312 25653 
28 48 -42.2897 171.8272 0 16637 21 89 657 1330 21 1150 
29 48 -42.2897 171.8272 0 124349 108 4460 3802 566 37 6656 
31 48 -42.2897 171.8272 0 79761 84 2273 2849 698 35 4988 
91 95 -42.2898 171.827 5 32435 25 72 370 646 10 648 
92 96 -42.2898 171.8269 5 2726 21 20 103 21 10 180 
97 101 -42.2898 171.827 5 34360 51 152 20 33396 10 35 
98 101 -42.2898 171.827 20 7208 28 26 191 2352 10 334 
103 105 -42.2897 171.827 10 151664 139 467 2336 71043 10 4090 
104 105 -42.2897 171.827 20 35591 40 136 1184 10931 10 2073 
105 105 -42.2897 171.827 10 35899 31 582 637 2120 16 1115 
106 105 -42.2897 171.827 10 15543 10 44 340 1244 10 595 
107 107 -42.2897 171.8271 10 17400 10 69 402 1393 10 704 
108 107 -42.2897 171.8271 10 2938 10 39 759 7480 50 1329 
109 106 -42.2897 171.8271 10 62495 51 164 816 1297 10 1429 
110 108 -42.2897 171.8271 10 3392 10 41 526 5479 38 921 
35 51 -42.2895 171.8269 5 1897 196 242 48 63 10 84 
51 62 -42.2894 171.8266 0 1649 461 202 34 47 10 60 
59 70 -42.289 171.8267 2 1793 96 14 15 20 10 26 
68 77 -42.2889 171.8265 2 8312 105 20 127 118 8 222 
33 49 -42.2895 171.8271 2 344616 995 716 3673 1341 10  
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Reading 
Number 
gps 
number 
lat long Depth Fe 
(ppm) 
Cu 
(ppm) 
Zn 
(ppm) 
As 
(ppm) 
Pb 
(ppm) 
Hg 
(ppm) 
Corrected 
As (ppm) 
sediments 
34 50 -42.2895 171.827 2 33156 1939 131 916 455 10  
36 52 -42.2894 171.8267 0 350182 1289 285 2986 768 10  
37 52 -42.2894 171.8267 2 234108 1204 207 1837 630 10  
38 52 -42.2894 171.8267 5 21310 1665 226 223 575 12  
39 52 -42.2894 171.8267 10 5636 294 70 76 40 10  
40 52 -42.2894 171.8267 15 3097 10 53 10 15 10  
41 53 -42.2895 171.8267 0 2374 238 72 36 60 10  
42 54 -42.2894 171.8267 0 378530 846 803 2607 1067 10  
43 54 -42.2894 171.8267 3 465096 543 444 2367 863 10  
44 55 -42.2893 171.8267 0 320403 1243 441 3357 1565 10  
45 56 -42.2892 171.8268 0 330356 1122 400 3617 1468 10  
46 57 -42.2892 171.8267 0 362084 884 296 2261 1080 10  
47 58 -42.2893 171.8269 5 494290 1077 262 3807 1824 10  
48 59 -42.2892 171.8269 0 390161 909 184 4628 911 10  
49 60 -42.2893 171.8271 0 14566 10 32 206 14 10  
50 61 -42.2893 171.8271 0 9439 69 69 309 50 10  
52 63 -42.2893 171.8265 0 414391 1048 311 2968 1278 10  
53 64 -42.2892 171.8265 0 340574 581 145 2571 679 10  
54 65 -42.2893 171.8266 2 137881 450 188 1070 551 10  
55 66 -42.2892 171.8265 2 557651 699 233 3754 948 10  
56 67 -42.2892 171.8266 2 476698 714 168 3266 981 10  
57 68 -42.2892 171.8267 2 434625 792 273 3036 1069 10  
58 69 -42.2891 171.8267 2 201478 770 206 3108 905 10  
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Reading 
Number 
gps 
number 
lat long Depth Fe 
(ppm) 
Cu 
(ppm) 
Zn 
(ppm) 
As 
(ppm) 
Pb 
(ppm) 
Hg 
(ppm) 
Corrected 
As (ppm) 
sediments 
60 72 -42.2892 171.8265 2 316000 635 225 3002 889 10  
61 73 -42.2892 171.8266 2 330894 613 195 2866 811 10  
62 74 -42.2891 171.8265 0 264729 1068 309 4031 1398 10  
63 74 -42.2891 171.8265 10 629850 555 167 3438 958 10  
64 74 -42.2891 171.8265 20 494176 640 207 4046 904 10  
65 74 -42.2891 171.8265 40 27718 661 160 2278 437 23  
66 75 -42.289 171.8264 2 125053 243 111 944 388 10  
67 76 -42.2889 171.8265 40 422813 642 206 3074 927 10  
69 78 -42.2888 171.8264 2 452549 706 237 4047 959 10  
70 79 -42.2888 171.8264 2 159633 496 151 2914 543 10  
71 80 -42.2889 171.8264 5 451434 739 190 3363 1027 10  
72 81 -42.289 171.8264 2 627783 694 188 3866 1022 10  
73 82 -42.2892 171.8265 2 509842 862 263 3577 998 10  
74 83 -42.2894 171.8268 10 459471 1049 1038 4647 1732 10  
75 83 -42.2894 171.8268 2 424982 1270 537 2492 1392 10  
111 109 -42.289 171.8275 10 3039 10 18 49 20 10 86 
112 110 -42.289 171.8276 10 1601 10 74 20 49 10 35 
113 111 -42.289 171.8276 10 5965 202 442 52 62 10 91 
114 112 -42.289 171.8277 10 6024 10 83 302 54 10 529 
115 113 -42.289 171.8277 10 20063 10 99 96 33 10 168 
116 114 -42.289 171.8277 10 1296 10 14 19 15 10 33 
117 115 -42.289 171.8277 10 2707 10 13 118 42 10 207 
118 116 -42.289 171.8278 10 26405 10 51 268 52 10 469 
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Reading 
Number 
gps 
number 
lat long Depth Fe 
(ppm) 
Cu 
(ppm) 
Zn 
(ppm) 
As 
(ppm) 
Pb 
(ppm) 
Hg 
(ppm) 
Corrected 
As (ppm) 
sediments 
119 117 -42.289 171.8277 0 5537 10 27 151 42 10 264 
120 117 -42.289 171.8277 10 25634 10 58 86 71 10 151 
121 118 -42.289 171.8277 10 5751 10 35 123 78 10 215 
122 118 -42.289 171.8277 0 9632 10 40 219 56 10 383 
123 119 -42.2891 171.828 0 430834 3786 1869 2268 994 10 3971 
124 120 -42.2891 171.8279 0 153965 1428 1645 2011 612 10 3521 
125 121 -42.2892 171.828 0 1409348 587 3726 1044 312 10 1828 
126 122 -42.2891 171.828 0 23836 89 3518 618 42 10 1082 
127 123 -42.2892 171.828 0 32148 2667 913 590 600 13 1033 
128 124 -42.2892 171.828 20 1588 10 71 21 20 10 37 
129 125 -42.2893 171.828 30 2067 10 78 417 15 10 730 
130 126 -42.2893 171.828 0 1354 10 23 16 10 10 28 
131 127 -42.2892 171.8279 15 17085 66 1185 579 48 10 1014 
132 127 -42.2892 171.8279 5 3673 10 63 77 20 10 135 
133 128 -42.2893 171.8279 10 2697 20 35 382 20 10 669 
134 129 -42.2893 171.8279 10 1769 10 29 26 20 10 46 
135 129 -42.2893 171.8279 0 1773 10 36 300 20 10 525 
136 131 -42.2876 171.8276 2 8273 10 47 20 16 10 35 
137 132 -42.2875 171.8276 0 3391 10 20 69 20 10 121 
138 133 -42.2874 171.8275 15 767 10 10 23 20 10 40 
139 133 -42.2874 171.8275 0 513 10 20 26 20 10 46 
140 133 -42.2874 171.8275 0 159 10 20 104 20 10 182 
141 134 -42.2873 171.8274 0 1595965 10 20 2409 244 10 4217 
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Reading 
Number 
gps 
number 
lat long Depth Fe 
(ppm) 
Cu 
(ppm) 
Zn 
(ppm) 
As 
(ppm) 
Pb 
(ppm) 
Hg 
(ppm) 
Corrected 
As (ppm) 
sediments 
142 135 -42.2873 171.8274 0 604192 366 172 501 908 10 877 
143 135 -42.2873 171.8274 0 353398 10 20 36898 119 177 64597 
144 136 -42.2873 171.8274 2 1925 10 20 36 20 10 63 
145 137 -42.2873 171.8274 0 4043 10 20 279 12 44 488 
146 137 -42.2873 171.8274 2 1727 10 20 55 20 10 96 
147 138 -42.2871 171.8276 0 16714 41 25 1418 24 18 2482 
148 139 -42.287 171.8277 0 5436 10 20 225 20 20 394 
149 140 -42.287 171.8277 0 5669 10 15 311 18 35 544 
150 141 -42.2868 171.8279 0 2315 10 20 54 20 10 95 
151 142 -42.287 171.8276 0 28080 10 24 855 21 10 1497 
152 143 -42.2871 171.8277 0 4505 10 20 128 12 11 224 
153 144 -42.2872 171.8275 0 4494 10 20 202 20 38 354 
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Table A.11: As values for the samples Pro12-Pro145, used for the calibration curve. The wet, dry and milled values are an average of six FP-XRF readings. The lab-As values are lab-XRF 
(CRL Laboratories).  
sample # % moisture field As (ppm) As (wet-ppm) As (dry-ppm) As (mill-ppm) lab As (ppm) 
Pro12 23 5767 4946 6452 7287 8648 
Pro35 30 48 22 51 53 20 
Pro36 40 2986 3083 5231 5561 6906 
Pro42 26 2607 2873 3750 3675 4512 
Pro43 26 2367 3089 4327 4453 5124 
Pro44 35 3357 4007 6339 6048 6828 
Pro47 23 3807 4518 6211 5938 6818 
Pro48 29 4628 4958 6653 7121 8451 
Pro62-0cm 32 4031 4323 6530 7364 8618 
Pro62-40cm 64 2278 3983 7892 9750 14673 
Pro72 28 3866 3941 5824 5710 6808 
Pro74 29 4647 6793 6629 7493 8540 
Pro75 29 2492 2829 4091 4045 4897 
Pro77 9 13114 13643 14067 8419 11457 
Pro79 9 22781 17276 20289 13191 17784 
Pro80 15 9137 14226 19320 9439 13311 
Pro89 10 7954 9654 12289 8083 10731 
Pro85 10 19232 26418 35892 16076 21249 
Pro102 10 14653 23762 25897 11381 16444 
Pro145 32 279 423 1143 1183 1344 
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Table A.12: As values for the samples, Pro2XX, used in the bioavailability studies. The lab-As (ppm) values are total recoverable As (ICP-MS, Hills Laboratories).  
sample # % moisture paste pH field As 
(ppm) 
corrected 
As (0.5721) 
dry As 
(ppm) 
mill As 
(ppm) 
Lab-As 
(ppm) 
Pro211 40 4.8 526 919 2541 1698 2,500 
Pro212 69 3.5 380 664 852 651 890 
Pro213a 33 5.2 5029 8790 8268 8535 9,600 
Pro213 23 4.9 2473 4323 5995 6255 6,500 
Pro214 45 4.7 1071 1872 2848 2604 3,400 
Pro215 31 5.0 2771 4843 6545 6273 6,500 
Pro216 36 4.8 3734 6527 7060 7352 7,600 
Pro217 26 5.2 3390 5926 6302 5497 5,600 
Pro218 27 5.1 4068 7110 5776 5871 6,000 
Pro219 29 5.3 4339 7583 7467 6658 7,900 
Pro220 44 5.0 2351 4109 4799 4341 4,900 
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Table A.13: Metal values for the samples, Pro2XX, used in the bioavailability studies. The lab-metal (ppm) values are total recoverable As (ICP-MS, Hills Laboratories). 
Sample # % 
moisture 
paste pH Cu (ppm) lab-Cu 
(ppm) 
Hg (ppm) Pb (ppm) lab-Pb 
(ppm) 
Zn (ppm) lab-Zn 
(ppm) 
Pro211 40 4.8 63 63 27 57 72 30 36 
Pro212 69 3.5 50 79 58 57 97 28 53 
Pro213a 33 5.2 194 185 46 79 69 167 162 
Pro214  23 4.9 1211 1050 BDL 1501 1430 331 330 
Pro213  45 4.7 434 480 BDL 463 480 338 380 
Pro215 31 5.0 1358 1200 BDL 1771 1900 535 470 
Pro216 36 4.8 2509 1940 BDL 2118 2200 586 490 
Pro217 26 5.2 1261 1040 BDL 1723 1920 280 250 
Pro218 27 5.1 1228 1050 BDL 1598 1660 336 280 
Pro219 29 5.3 2662 2500 BDL 2608 3100 617 520 
Pro220 44 5.0 1926 1850 BDL 2261 2600 621 560 
 
 
 
